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1
OXIDATIVE DEHYDROGENATION OF
ETHANE TO ETHYLENE AND
PREPARATION OF MULTIMETALLIC
MIXED OXIDE CATALYST FOR SUCH
PROCESS

FIELD OF THE INVENTION

The present invention relates to the oxidative dehydroge-
nation of light paraffins using a tellurium-free multimetallic
oxide catalyst. More particularly, it relates to preparation of
highly active and selective catalysts for the oxidative dehy-
drogenation of ethane to produce ethylene at moderate tem-
peratures, <500° C., without the formation of acetic acid
and/or other oxygenated hydrocarbons.

The present invention provides catalysts based on mixed
oxides, exhibiting an orthorhombic bronze-like structure,
denominated as M1 crystalline phase, diffraction peaks
appear at 20 equal to 6.6x0.4, 7.7+0.4, 9.0+£0.4, 22.2+0.4,
26.7+0.4,26.8+0.4, 27.120.4; (ICSD 55097) and other crys-
talline structures that have an important role for obtaining
high performance catalysts for the oxidative dehydrogenation
of ethane to ethylene.

BACKGROUND OF THE INVENTION

Ethylene is the keystone of the petrochemical industry,
since; it is employed as the main building block for the pro-
duction of polymers, ethyl-benzene and styrene, among other
chemical products of great importance in the modern world.
Ethylene is produced from the steam-cracking (pyrolysis) of
saturated hydrocarbon cuts, chiefly ethane and propane. Such
processes are carried out in the presence of superheated steam
at temperatures within the range 800-1000° C. Operating
under these conditions involves a huge energetic demand and
very high expenses related to the cost and maintenance of the
furnaces which provide the heat required for the process.
Also, due to the usage of high temperature, a wide variety of
byproducts are formed, such as di-olefins as well as acetylene
being the ones observed at the largest concentrations. The
separation of these formed species from the reactor effluent
requires a relatively complex scheme involving extractive
distillation and/or selective hydrogenation, the latter in the
particular case of having acetylene, which at the end requires
of'an additional investment. As a consequence, for economic
and environmental reasons, several worldwide companies
and research groups have focused their efforts on finding
alternative process to produce ethylene.

An attractive route to produce ethylene is through the oxi-
dative dehydrogenation reaction of ethane. The oxidative
dehydrogenation of ethane (ODH-E) is an exothermal reac-
tion which is not limited by the thermodynamic equilibrium
and, hence, full ethane conversion is possible at low reaction
temperatures (<500° C.). In the ODH-E, additionally, the
number of side reactions is rather limited; usually, carbon
monoxide and carbon dioxide appear as the main side prod-
ucts, while the formation of coke is negligible. Despite the
many efforts dedicated to obtain catalysts with high activity
and selectivity features, to the date, industrial application of
ODH-E is still far from a reality. In fact, economic calcula-
tions have indicated that ethylene yields reported so far dur-
ing ODH-E are not yet sufficient to be considered as an
economically profitable process. It is therefore clear that
more efforts are required to further improve the catalyst per-
formance whilst, in the process context, particular attention is
to be paid to design an adequate reactor configuration due to
the thermal characteristics of the reactions involved.
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Vanadium based catalysts supported on conventional
materials were the first catalytic systems used for the ODH-E,
notwithstanding, their efficiency to produce ethylene was not
very high (Oxidative dehydrogenation of ethane and propane:
commercial How far from implementation? Cavani et al.,
Catalysis Today, 127 (2007) 113). In particular, at high ethane
conversions, an important amount of carbon oxides and acetic
acid were observed in detriment to ethylene formation.

The use of catalysts based on oxides of molybdenum and
vanadium together with other oxides of transition metals, e.g.,
Ti, Cr, Mn, Fe, Co, Ni, Nb, Ta or Ce, calcined at 400° C., was
proposed by Thorsteinson et al. in “The Oxidative Dehydro-
genation of Ethane over Catalyst Containing Mixed Oxides of
Molybdenum and Vanadium”, Journal of Catalysis, 52 (1978)
116. The best result was obtained over a solid with the com-
position Mo, 4,V 5;Nb, os supported in gamma alumina,
yielding a 25% of ethylene at 340° C.

Later, in U.S. Pat. Nos. 4,250,346, 4,524,236 and 4,568,
790 assigned to Union Carbide Corporation, the synthesis of
catalyst for ODH-E at low temperature is reported. U.S. Pat.
No. 4,524,236, in particular, discloses a catalyst with a com-
position MoVNbSbM (M being at least one of the following
elements Li, Sc, Na, Be, Mg, Ca, Sr, Ba, T1, Zr, Hf, Y, Ta, Cr,
Fe, Co, Ni, Ce, La, Zn, Cd, Hg, Al, T, Pb, As, Bi, Te, U and
W). The best catalytic result offered in this patent was
obtained over the Mo 4,V 268NDg 075bg 04Cag o> System,
exhibiting an ethane conversion equal to 34% and selectivity
to ethylene of 86% when the reaction was conducted at 330°
C. After a further increase in the reaction temperature to 400°
C., 73% of the fed ethane was converted with an ethylene
selectivity of 71%. In reference U.S. Pat. No. 4,250,346, the
formation of acetic acid is reported to occur during the ODH-
E.

In U.S. Pat. No. 5,162,578, granted to Union Carbide
Chemicals & Plastics and Union Carbide Corporation, and
EP0294846A3 with Union Carbide Corporation as applicant,
McCain and co-workers claim about a catalytic composition
with a general formula Mo,V NbSbX, (X being at least one
of'the following metals Li, Sc, Na, Be, Mg, Ca, Sr, Ba, Ti, Zr,
HfY, Ta, Cr, Fe, Co,Ni, Ce, La, Zn, Cd, Hg, Al, T1, Pb, As, Bi,
Te, U and W, preferably Ca) to produce acetic acid from
ethane, or a mixture ethane/ethylene, with a remarkably high
selectivity to the mentioned acid.

Japanese patent JP 10143314 granted to Mitsubishi
Chemical Industries Ltd. describes a MoVSbX catalytic sys-
tem (wherein X corresponds to Ti, Zr, Nb, Ta, Cr, W, Mn, Fe,
Ru, Co, Rh, Ir, Ni, Pd, Pt, Cu, Ag, Zn, In, Sn, Pb, Bi, Ce and
alkaline rare earth metals) which exhibits a crystalline struc-
ture defined by a X-ray spectrum included in the patent. The
catalytic system was used for the selective oxidation of ethane
to ethylene with ethane conversions as high as 90.8% and
selectivity to ethylene of 68%.

MoVNbSb mixed oxides have been also proposed as effec-
tive catalysts for the oxidative dehydrogenation of ethane to
produce ethylene, as well as acetic acid, in patent EP-A-
0294845 granted to Union Carbide.

WO 99/13980, assigned to Saudi Basic Ind., in turn, reports
a Mo—V-Nb based catalyst doped with small amounts of P,
Hf, Te and/or As. Solids were thermally treated under air
atmosphere between 250 and 450° C. and then used in the
oxidation of ethane to produce acetic acid, reporting yields
within the 12-17% range.

In Japanese Patent JP10017523 granted to Mitsubishi
Chemical Industries Ltd. in 1998, inventors proposed a cata-
lyst for the oxidation of ethane to acetic acid. It is composed
of'a metal—Ru, Rh, Jr Pd and/or Pt—supported over a mixed
oxide of MoVXZ. In this patent, particular attention is paid on
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a Pd based catalyst supported on a mixed oxide constituted of
MoVNbSb, which exhibited yields to acetic acid as high as
59.7%.

Several US patents, in particular U.S. Pat. Nos. 6,030,
9204, 6,194,610B1, 6,310,241B1, 6,383,977B1 and U.S.
2003/0100794A1 have been granted to Saudi Basic Indus-
tries Corporation, a Saudi Arabian company. These patents
report on the performance of Mo and V based catalysts pro-
moted with other metals for the oxidative dehydrogenation of
ethane at low temperatures. The catalytic activity experi-
ments contained in these documents, however, were carried
out using molecular oxygen as an oxidant to yield mainly
acetic acid, while ethylene is formed as byproduct.

In U.S. 2003/01000794 A1, a new catalyst with a general
formula MO,V,Al XY _O,, where in X is at least one of the
elements belonging to the group W and Mn; Y is at least one
element selected from the group Pd, Sbh, Ca, P, Ga, Ge, Si, Mg,
Nb and K; an “z” is an integer number representing the
number of oxygen atoms required to satisfy the valence of
Mo, V, Al, X andY. These catalysts were utilized in the partial
oxidation of ethane to produce acetic acid as well as ethylene.

Additionally, methods to produce catalyst containing Mo,
V, Sb and Nb are also claimed in U.S. Pat. Nos. 6,610,629 B2
and 7,109,144 B2, both assigned to Asahi Kasei Kabushiki
Kaisha. The composition of the catalyst is represented by the
general formula Mo, ,V_Sb,Nb_Z O,,. In the latter, Z corre-
sponds to at least an element belonging to the group W, Cr, Ti,
Al, Ta, Zr, Hf, Mn, Fe, Ru, Co, Rh, Ni, Pd, Pt, Zn, B, In, Ge,
Sn, Pb, B1, Y, Ga, rare earths and alkaline rare earth metals.
These catalysts were employed in the ammoxidation of pro-
pane or isobutene.

In U.S. 2008/0161602A1, which claims the benefits from
the provisional application patent U.S. Ser. No. 60/877,270,
describes a catalytic formulation denoted by the general for-
mula Mo, V,Nb_Te Sb O, wherein a=1, b=0.01-1.0, ¢=0.1-
1.0, d=0.1-1.0 e=0.01-1.0 and f depend upon the oxidation
state of the other elements. A particular feature of these cata-
lysts is to exhibit at least two crystalline phases, namely, an
orthorhombic one denoted as M1 and a second pseudo-hex-
agonal phase named M2. The referred solid is used to promote
the partial oxidation of propane to acrylic acid, acetic acid
being one of the most important side-product.

U.S. 2011/0245571A1 and U.S. 2012/0016171A1, to
Nova Chemicals International S.A., claim a process for the
preparation of a catalyst for the oxidative dehydrogenation of
ethane, with a relatively high yield to ethylene reporting
selectivity to ethylene higher than 90% with productivity in
the range 2,500 g ethylene per hour and kg of catalyst. The
catalyst claimed is a tellurium-containing solid with as gen-
eral formula V,Mo,Nb,Te, Me,O,, wherein Me is a metal
belonging to the group Ta, Ti, W, Hf, Zr and Sb, or a mixture
of them. Metals are deposited over a matrix composed of
oxides of Ti, Zr, Al, Mg, La, Si or mixtures thereof, or even a
matrix of carbon.

U.S. 2010/0256432A1, assigned to Lummus Novolent
GMBH/Lummus Technology Inc., and U.S. Pat. No. 8,105,
971 B2 to Lummus Technology Inc., claim a high perfor-
mance catalyst for the oxidative dehydrogenation of ethane to
ethylene. Over this catalytic system represented by
Mo, Vg 2oNbg 1,Sbg 1 Tey 1,50, ethane conversion reached
values of up to 81% with an ethylene selectivity of 89% when
reaction is conducted at 360° C. Notice that this solid also
contains tellurium as an ingredient of the formulation.

U.S. 2006/0183941A1, J. L. Dubois, W. Ueda et al,, in
contrast, claims a tellurium-free catalyst represented by the
general formula Mo, ,V _Sb,Nb_Si,0,, in which a=0.006-
1.0, b=0.006-1.0, ¢c=0.006-1.0, d=0-3.5 and “x” is the amount
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ofoxygen bonded to other elements. The catalyst is applied to
the partial oxidation of propane to yield acrylic acid.

One of the most efficient catalysts for the oxidative dehy-
drogenation of ethane to ethylene has been described in WO
03/064035 and U.S. Pat. No. 7,319,179, by J. M. Lopez-Nieto
et al., and granted to UPV-CSIC. There is claimed a catalyst
based on a mixture of mixed oxides, MoTeVNb, which exhib-
ited a yield to ethylene close to 75%. This high-efficiency
solid contains tellurium as well.

Similar catalysts have been reported in the open literature.
Ueda etal. in “Selective oxidation of light alkanes over hydro-
thermally synthesized Mo—V-M-O (M=Al, Ga, Bi, Sb, and
Te) oxide catalysts™, Applied Catalysis A: General 200 (2000)
135. The formation of acetic acid is, however, always
observed in the reactor effluent. Selectivity to ethylene is
lower than 75% for an ethane conversion lower than 20%.

Also, Botella et al. in “Selective oxidation of ethane:
Developing an orthorhombic phase in Mo—V—X(X=Nb,
Sb, Te) mixed oxides”, Catalysis Today 142 (2009) 272, used
a MoVSb based catalyst for the ODH-E with a capacity to
convert ca. 40% ethane and a selectivity to ethylene in the
90-92% range.

Due to the economic, technical and environmental advan-
tages that the process for producing ethylene by the oxidative
dehydrogenation of ethane has exhibited, the attention of
research groups has been focused mainly on improving the
catalyst formulation. One of the main challenges to be solved
is the minimization of the formation of byproducts, in par-
ticular carbon oxides (CO,). These compounds, apart from
decreasing the global efficiency of the process, are produced
via very exothermal reactions. Thus, catalysts with a high
potential to be used at the industrial scale are expected to
display selectivity to ethylene between 80 and 85% for ethane
conversion in the range 50-60%. Moreover, the formation of
oxygenate products, e.g., acetic acid and aldehydes, must be
avoided on the referred catalytic systems as their presence
would involve additional stages in the separation train or
troubles in the reactor.

On the other hand, the presence of tellurium seems to be
indispensable in most of the high efficiency catalytic systems
reported in many patents to date for the oxidative dehydroge-
nation of ethane to ethylene. Notwithstanding, the relatively
high susceptibility of tellurium to reducing atmospheres,
together with the large amount of metal that is lost during the
thermal activation stages, appears to be a restriction for a
catalyst scaling-up to industrial level. This problem would be
always latent in industrial practice since, during operation,
the reaction mixture can be composed of ethane diluted in
nitrogen, i.e., a reductive mixture which, in the presence of
hot-spots would favor the reduction and further loss of tellu-
rium with the consequent gradual decay in the catalytic prop-
erties of the solid.

SUMMARY OF THE INVENTION

A highly selective process for the oxidative dehydrogena-
tion of ethane to ethylene has been discovered, which process
comprises contacting ethane and an oxidizing agent under
oxidative dehydrogenation reaction conditions with a tellu-
rium-free, multimetallic mixed oxide solid catalyst having
the formula

MoV,,Sb,A,0, @

wherein A represents Nb, W, Ga, Bi, Sn, Cu, Ti, Fe, Co, Ni, Cr,
Zr, rare earth metals or rare earth alkaline metals or mixtures

of thereof, h and i, respectively, are each between 0.001 and
4.0, 0<j<2.0, the ratio i/h is between 0.3 and 10.0, and x
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represents the number determined by and consistent with the
valence requirements of the other elements present in the
multimetallic mixed oxide. The resulting catalyst has an M1
crystalline phase, and one or more additional crystalline
phases, which result in a highly active and selective oxidative
dehydrogenation catalyst for the conversion of ethane to eth-
ylene without the presence of tellurium in the catalyst com-
position.

The catalyst of formula I can be prepared by either:

A) a process which comprises forming a tellurium-free
mixture of molybdenum, vanadium and antimony
metallic precursors and a structure-directing compound
selected from the group consisting of primary amines,
secondary amines, tertiary amines, ammonia, tetra-me-
thyl ammonium and hydrazine, and subjecting said tel-
lurium-free mixture to hydrothermal conditions to form
a solid, washing and drying said solid, and thermally
activating said dried solid to form a catalyst having one
or more crystalline phases in addition to the M1 crystal-
line phase; or

B) a process which comprises forming a tellurium-free
mixture of molybdenum, vanadium and antimony
metallic precursors and thermally treating said tellu-
rium-free mixture of mixture to form an MoVSb solid,
doping said MoVSb solid with a doping metal cation
represented by said A, and thermally activating the A
metal cation-doped MoV Sb solid to form a catalyst hav-
ing one or more crystalline phases in addition to the M1
crystalline phase.

Remarkably, it has been found that by preparing the catalyst
of Formula I by either such process, the oxidative dehydro-
genation of ethylene using the resulting catalyst provides
catalytic performance superior to the MoVSb obtained by a
typical hydrothermal method despite the absence of tellurium
in the present catalyst.

According to one embodiment of the invention, the multi-
metallic mixed oxide solid catalyst of Formula I is prepared
by a process which comprises forming a tellurium-free mix-
ture of molybdenum, vanadium and antimony metallic pre-
cursors and a structure-directing compound selected from the
group consisting of primary amines, secondary amines, ter-
tiary amines, ammonia, tetra-methyl ammonium and hydra-
zine, and subjecting said tellurium-free mixture to hydrother-
mal treatment to form a solid, washing and drying said solid,
and activating said dried solid to form a catalyst having one or
more crystalline phases in addition to the M1 crystalline
phase. Preferred structure-directing compounds are methy-
lamine, dimethyl amine, tri-methyl amine, diethyl amine, or
mixtures thereof. The hydrothermal treatment may be con-
ducted at a temperature between 100-200° C. for 6-150 hours
and the resulting solids are washed and dried at 80-120° C.,
prior to activation. Preferred hydrothermal treatment is con-
ducted at atemperature between 150-180° C. for 12-48 hours.

Activation of the dried solids involves a first thermal treat-
ment at a temperature in the range of from about 150 to about
350° C. under oxidizing and/or reducing and/or inert atmo-
sphere for 1 to 5 hours; and then a second thermal treatment
at a temperature in the range of from about 150 to about 700°
C. under an oxidant or inert atmosphere for 1 to 5 hours.

According to another embodiment of the invention the
multimetallic mixed oxide solid catalyst is prepared by a
process which comprises forming a tellurium-free mixture of
molybdenum, vanadium and antimony metallic precursors
and thermally treating said tellurium-free mixture to form an
MoVSb solid, doping said MoV Sb solid with a doping metal
cation selected from the group consisting of Nb, Cu, W, Bi,
Sn, Ti, Fe, Co, Ni, Cr, Ga, Zr, rare earth elements, alkali metal
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or alkaline earth metal, as salts, oxides, hydroxides, or alkox-
ides, and thermally activating the metal cation-doped MoVSh
solid to form a catalyst having one or more crystalline phases
in addition to the M1 crystalline phase. Preferably, the doping
metal cation is Nb, W, Sn, Cu or K. According to this embodi-
ment, the MoV Sb solid is heated to a temperature in the range
of from about 150 to about 700° C. prior to doping said
MoVSb solid and then activating the metal cation-doped
MoVSb solid at a temperature in the range of from about 150
to about 700° C. under an oxidizing or inert atmosphere for
about 1 to 5 hours.

According to further embodiment of the present invention,
a multimetallic mixed oxide having the formula

MoV,,Sb,0, an

wherein h and i, respectively, are each between 0.001 and
4.0, the ratio i/h is between 0.3 and 10.0, and x represents the
number determined by and consistent with the valence
requirements of the other elements present in the multimetal-
lic mixed oxide, is prepared by a process, which comprises,
forming a tellurium-free mixture of molybdenum, vanadium
and antimony metallic precursors and a structure-directing
compound selected from the group consisting of primary
amines, secondary amines, tertiary amines, ammonia, tetra-
methyl ammonium and hydrazine, and subjecting said tellu-
rium-free mixture to hydrothermal conditions to form a solid,
washing and drying said solid, and thermally activating said
dried solid to form a catalyst having one or more crystalline
phases in addition to the M1 crystalline phase. The preferred
structure-directing compound is methylamine, dimethyl
amine, tri-methyl amine, diethyl amine, or mixtures thereof.
The hydrothermal treatment is conducted at a temperature
between 100-200° C. for 6-150 hours and the resulting solids
are washed and dried at 80-120° C. prior to activation. Pref-
erably, the hydrothermal treatment is at a temperature
between 150-180° C. for 12-48 hours. Activation involves a
first thermal treatment at a temperature in the range of from
about 150 to about 350° C. under oxidant and/or reducing
and/or inert atmosphere for 1 to 5 hours; and a second thermal
treatment at temperatures ranging from about 150 to about
700° C. under an oxidant or inert atmosphere for 1 to 5 hours.

According to a preferred embodiment of the invention, the
multimetallic mixed oxide having the formula

MoV,,Sb,0, an

wherein h and i, respectively, are each between 0.001 and
4.0, the ratio i/h is between 0.3 and 10.0, and x represents the
number determined by and consistent with the valence
requirements of the other elements present in the multimetal-
lic mixed oxide, is prepared by a process, which comprises,
forming a tellurium-free aqueous solution of metallic precur-
sors consisting of molybdenum, vanadium and antimony and
a structure-directing compound selected from the group con-
sisting of primary amines, secondary amines, tertiary amines,
ammonia, tetra-methyl ammonium and hydrazine, and sub-
jecting said tellurium-free mixture to hydrothermal condi-
tions to form a solid, washing and drying said solid, and
thermally activating said dried solid to form a catalyst having
one or more crystalline phases in addition to the M1 crystal-
line phase. The preferred structure-directing compound is
methylamine, dimethyl amine, tri-methyl amine, diethyl
amine, or mixtures thereof. The hydrothermal treatment and
activation are conducted as previously described. In this
embodiment the only metallic precursors in admixture with
the structure-directing compound are molybdenum, vana-
dium and antimony. Thus, other metals or metal-precursors,
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such as niobium, are excluded from the solution or mixture,
and the base metals of the catalyst are only molybdenum,
vanadium and antimony.

Another embodiment involves formation of a multimetal-
lic mixed oxide having the formula

MoV,,Sb,A,0, (I

wherein A represents Nb, W, Ga, Bi, Sn, Cu, Ti, Fe, Co, Ni,
Cr, Zr, rare earth metals or rare earth alkaline metals or
mixtures of thereof, h and i, respectively, are each between
0.001 and 4.0, 0.0001<j=<2.0, the ratio i/h is between 0.3 and
10.0, and x represents the number determined by and consis-
tent with the valence requirements of the other elements
present in the multimetallic mixed oxide, said catalyst having
an M1 crystalline phase, and one or more additional crystal-
line phases, said process comprising, forming a tellurium-
free mixture of molybdenum, vanadium and antimony metal-
lic precursors and thermally treating said tellurium-free
mixture of mixture to form an MoVSb solid, doping said
MoVSb solid with a doping metal cation represented by said
A, and thermally activating the A metal cation-doped MoV Sh
solid to form a catalyst having one or more crystalline phases
in addition to the M1 crystalline phase. The preferred doping
metal cation is Nb, W, Sn, Cu or K. The MoVSb solid is
heated a temperature in the range of from about 150 to about
700° C. prior to doping said MoV Sb solid and then activating
said metal cation-doped MoV Sb solid at a temperature in the
range of from about 150 to about 700° C. under an oxidizing
or inert atmosphere for about 1 to 5 hours.

According to a preferred embodiment of the invention the
multimetallic mixed oxide having the formula

MoV,,Sb,A,0,

wherein A represents Nb, W, Ga, Bi, Sn, Cu, Ti, Fe, Co, Ni,
Cr, Zr, rare earth metals or rare earth alkaline metals or
mixtures of thereof, h and i, respectively, are each between
0.001 and 4.0, 0.0001<j=<2.0, the ratio i/h is between 0.3 and
10.0, and x represents the number determined by and consis-
tent with the valence requirements of the other elements
present in the multimetallic mixed oxide, is prepared by a
process comprising the steps,

(a) forming a tellurium-free mixture of metallic cations,
which metallic cations preferably consist of molybde-
num, vanadium and antimony cations,

(b) thermally treating the tellurium-free mixture to form an
MoVSb solid,

(c) calcining the tellurium-free MoV Sb solid at a tempera-
ture in the range of from about 150 to about 700° C., in
an inert atmosphere, for about 1 to about 5 hours;

(d) doping the MoVSb solid by adding a metal cation
represented by A, such as Nb, W, Sn, Cu or K, and

(e) calcining the A metal cation-doped MoV Sb solid 150 to
about 700° C., in an inert atmosphere, preferably under
nitrogen, for about 1 to about 5 hours to form a catalyst
having one or more crystalline phases in addition to the
M1 crystalline phase.

Each of the steps (a) through (e) are conducted in the absence
of'added oxygen and added H,O,. The expression “absence
of added oxygen” means no air or gas containing oxygen is
introduced in any process step through the second calcining
step Likewise, the expression “absence of added H,O,”,
means that no H,O, is introduced in any process step. In this
preferred embodiment of the invention, no metal cation other
than a Mo, V or Sb cation is present during formation of the
catalyst until the A metal cation, such as Nb, is added.

Thus, the present invention relates to preparation methods

for obtaining tellurium-free multimetallic mixed oxide cata-
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lysts, their activation process and their use in the partial
oxidation of ethane to ethylene.

Remarkably, use of the tellurium-free multimetallic mixed
oxide catalysts of the present invention for the oxidative
dehydrogenation of ethane, result in high conversion of
ethane and high selectivity to ethylene, at moderate tempera-
tures (<500° C.), without formation of oxygenated hydrocar-
bons, as demonstrated in FIG. 18, which corresponds to the
catalysts prepared in accordance with example 21.

BRIEF DESCRIPTION OF THE DRAWINGS

FIG. 1 are XRD spectra of catalyst prepared according to
Example 8. (A) Solid dried at 100° C., and (B) Solid ther-
mally-treated under nitrogen atmosphere at 600° C. Symbol
[*] denotes phase M1 and [+] phase M2;

FIG. 2 is an XRD spectrum of catalyst prepared in accor-
dance to Example 18 after thermal treatment under air atmo-
sphere at 280° C. followed by thermal treatment under nitro-
gen flow at 600° C. Symbol [*] denotes phase M1, [+F] phase
M2, [o] (MoV));_O,, and [@] MoO;;

FIG. 3 is an XRD spectrum of catalyst prepared in accor-
dance to Example 19 after thermal treatment under air atmo-
sphere at 280° C. followed by thermal treatment under nitro-
gen flow at 600° C. Symbol [*] denotes phase M1, [+F] phase
M2, [o] MoV )5 0,, and [@] MoOj;

FIG. 4 is an XRD spectrum of catalyst prepared in accor-
dance to Example 20 after thermal treatment under air atmo-
sphere at 280° C. followed by thermal treatment under nitro-
gen flow at 600° C. Symbol [*] denotes phase M1, [+] phase
M2, and [0] (MoV,)5.,O,.;

FIG. 5 is an XRD spectrum of catalyst prepared in accor-
dance to Example 21 after thermal treatment under air atmo-
sphere at 300° C. followed by thermal treatment under nitro-
gen flow at 600° C. Symbol [*] denotes phase M1, [+] phase
M2, and [0] (MoV,)5.,O,.;

FIG. 6 is an XRD spectrum of catalyst prepared in accor-
dance to Example 22 after a thermal treatment at 625° C.
under nitrogen flow. Symbol [*] denotes phase M1, [+] phase
M2, and [o] (MoV);_ O,

FIG. 7 are XRD spectra of catalyst prepared in accordance
to Example 23. (A) Solid dried at 100° C., (B) Solid ther-
mally-treated at 200° C. under air atmosphere followed by
thermal treatment at 600° C. under nitrogen flow, and (C)
Solid thermally-treated in air atmosphere at 250° C. followed
by thermal treatment at 600° C. under nitrogen flow. Symbol
[*] denotes phase M1, [+] phase M2, and [@] MoOj;

FIG. 8 are XRD spectra of catalyst prepared in accordance
to Example 24. (A) Solid dried at 100° C., (B) catalyst aftera
thermal treatment at 200° C. under air atmosphere followed
by a second thermal treatment at 600° C. Symbol [*] denotes
phase M1, and [+] phase M2;

FIG. 9 are XRD spectra of catalyst prepared in accordance
to Example 25. (A) Solid after drying at 100° C., (B) catalyst
after a thermal treatment at 200° C. under air atmosphere
followed by a second thermal treatment at 600° C. under
nitrogen flow, (C) catalyst thermally-treated at 250° C. under
air atmosphere followed by a second thermal treatment at
600° C. under nitrogen flow, and (D) Catalyst thermally-
treated at 280° C. under air atmosphere followed by a second
thermal treatment at 600° C. under nitrogen flow. Symbol [*]
denotes phase M1, [+] phase M2, and [@] MoOj;

FIG. 10 are XRD spectra of catalyst prepared in accor-
dance to Example 27. (A) Solid after drying at 100° C., (B)
catalyst after a thermal treatment at 200° C. under air atmo-
sphere followed by a second thermal treatment at 600° C.
under nitrogen flow, (C) catalyst thermally-treated at 250° C.
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under air atmosphere followed by a second thermal treatment
at 600° C. under nitrogen flow. Symbol [*] denotes phase M1,
and [+] phase M2, and [@] MoOj;

FIG. 11 are Scanning Electron Microscopy images of the
catalyst prepared according to Example 8, after drying at 100°
C. This morphology is representative of solids prepared by
the hydrothermal method here described;

FIG. 12 are Scanning Electron Microscopy images of the
catalyst prepared according to Example 23. (Column A)
Images of the solid dried at 100° C., and (Column B) images
of the catalyst subjected to a thermal treatment at 250° C.
under air atmosphere followed by a second thermal treatment
at 600° C. under nitrogen flow;

FIG. 13 are Scanning Electron Microscopy images of a
catalyst prepared according to Example 28. (Column A)
Images of the solid dried at 100° C. and (Column B) images
of the catalyst subjected to a thermal treatment at 250° C.
under air atmosphere followed by a second thermal treatment
at 600° C. under nitrogen flow;

FIG. 14 are Scanning Electron Microscopy images, with
elemental chemical analysis within the selected zones (bot-
tom part), by Electron Dispersive Spectroscopy technique.
(Column A) catalyst of Example 23 and (Column B) catalyst
of Example 28. Both catalysts included in this figure were
subjected to thermal treatment at 250° C. under air atmo-
sphere followed by a second thermal treatment at 600° C.
under nitrogen flow;

FIG. 15 are (Column A) High Resolution of Transmission
Electronic Microscopy images and of the crystals present in
the catalyst prepared in accordance to Example 23. (Column
B) are Selected Area Electron Nano-Diffraction Patterns
(SAENDP) corresponding to the white encircled area marked
over a selected crystal of the column A. These images, are in
agreement with the XRD patterns shown in the FIG. 7, thus,
confirming the presence of the several crystalline phases. (A)
Image corresponds to a crystal of M1 phase, which confirmed
by its electrons nano-diffraction pattern (right side), (B)
Image corresponds to a crystal of M2 phase, which confirmed
by its electrons nano-diffraction pattern (right side), and (C)
Image corresponds to a crystal of MoOj, phase, which con-
firmed by its electrons nano-diffraction pattern (right side).
Such catalyst has been treated thermally at 250° C. under air
atmosphere followed by a second thermal treatment at 600°
C. under nitrogen flow;

FIG. 16 are Scanning Electron Microscopy images with
elemental chemical analysis (right side) within the selected
zones by Electron Dispersive Spectroscopy technique of the
catalyst prepared in accordance with Example 29. The cata-
lyst was subjected to thermal treatment at 600° C. under
nitrogen flow;

FIG. 17 are XRD spectra of catalysts prepared in accor-
dance with: (A) Example 10, (B) Example 11, (C) Example
12, (D) Example 13 and (E) Example 14. Symbol [*] denotes
phase M1, [+] phase M2, and [@] MoOj,; and

FIG. 18 are chromatographic signals obtained during cata-
Iytic testing of catalysts prepared in accordance with example
21, indicating absence of oxygenated hydrocarbons during
oxidative dehydrogenation of ethane to ethylene.

DETAILED DESCRIPTION OF THE INVENTION

Catalysts of the present invention may be represented by
the general formula MoVSbA, wherein A is one of the fol-
lowing elements: Nb, W, Ga, Bi, Sn, Ti, Fe, Co, Cu, Ni, Cr, Zr,
rare earth metals, alkaline metals or alkaline rate earth metals
or a mixture of thereof. According to another embodiment,
the catalyst may be represented by the formula MoVSb.
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The present invention involves the oxidative dehydrogena-
tion of light paraffins to produce olefins, more specifically, a
procedure to perform the oxidative dehydrogenation of
ethane to ethylene by means of a process wherein ethane is
contacted with oxygen or with an oxygen containing stream,
and/or with another oxidant agent, over a catalyst composed
of'mixed multimetallic oxides. The catalyst is a tellurium-free
solid, containing Mo, V and Sb, and may include optionally
an A metal, the latter one selected from the following list: Nb,
W, Ga, Bi, Sn, Cu, Ti, Fe, Co, Cu, Ni, Cr, Zr, rare earth metals
or rare earth alkaline metals or mixtures of thereof. The cata-
lyst, in the thermally-treated form, is represented by the gen-
eral formula MoVSbAO corresponding to a solid in which
metallic elements are in combination with oxygen to produce
a mixture of metallic oxides, with variable oxidation states.

In a preferred embodiment of the invention, molybdenum,
vanadium and antimony are present in the form of a ther-
mally-treated mixed oxide in the catalyst formulation having
the formula,

MoV,,Sb,0, an

wherein h and i, respectively, are each between 0.001 and
4.0, the ratio i/h is between 0.3 and 10.0, and x represents the
number determined by and consistent with the valence
requirements of the other elements present in the multimetal-
lic mixed oxide.

In this embodiment, the catalyst is prepared by a process,
which comprises, forming a tellurium-free mixture of molyb-
denum, vanadium and antimony metallic precursors in solu-
tion with a “structure-directing” compound selected from the
group consisting of primary amines, secondary amines, ter-
tiary amines, ammonia, tetra-methyl ammonium and hydra-
zine, and subjecting said tellurium-free mixture to hydrother-
mal conditions to form a solid. The resulting solid is washed
and dried, and thereafter thermally activating to form a cata-
lyst having one or more crystalline phases in addition to the
M1 crystalline phase, such as the M2 and/or MoOj; crystalline
phases. It is especially preferred that the only metals in the
catalyst in admixture with the structure-directing compound
are the MoVSb base metals without any additional or pro-
moter metal Likewise, after activation and formation of the
M1 crystalline phase, no further or post treatment is required
to provide a highly active and selective catalyst.

The preferred structure-directing compound is methy-
lamine, dimethyl amine, tri-methyl amine, diethyl amine, or
mixtures thereof. The hydrothermal treatment is conducted at
a temperature between 100-200° C. for 6-150 hours and the
resulting solids are washed and dried at 80-120° C. prior to
activation. Preferably, the hydrothermal treatment is at a tem-
perature between 150-180° C. for 12-48 hours. Activation
involves a first thermal treatment at a temperature in the range
of from about 150 to about 350° C., preferably 160 to about
300° C., under oxidant and/or reducing and/or inert atmo-
sphere for 1 to 5 hours; and a second thermal treatment at
temperatures ranging from about 150 to about 700° C., pref-
erably, 550 to 650 under an oxidant or inert atmosphere for 1
to 5 hours.

In another preferred embodiment, the catalyst has the
empirical formula:

MoV,Sb,A0, a1
wherein A represents Nb, W, Ga, Bi, Sn, Cu, Ti, Fe, Co, Ni,
Cr, Zr, rare earth metals or rare earth alkaline metals or
mixtures of thereof, h and i, respectively, are each between
0.001 and 4.0, 0.0001<j<2.0, the ratio i/h is between 0.3 and

10.0, and x represents the number determined by and consis-
tent with the valence requirements of the other elements
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present in the multimetallic mixed oxide, said catalyst having
an M1 crystalline phase, and one or more additional crystal-
line phases, said process comprising, forming a tellurium-
free mixture of molybdenum, vanadium and antimony metal-
lic precursors and thermally treating said tellurium-free
mixture of mixture to form an MoVSb solid, doping said
MoVSb solid with a doping metal cation represented by said
A, and thermally activating the A metal cation-doped MoV Sh
solid to form a catalyst having one or more crystalline phases
in addition to the M1 crystalline phase. The preferred doping
metal cation is Nb, W, Sn, Cu or K. The MoVSb solid is
heated a temperature in the range of from about 150 to about
700° C. prior to doping said MoV Sb solid and then activating
said metal cation-doped MoV Sb solid at a temperature in the
range of from about 150 to about 700° C. under an oxidizing
or inert atmosphere for about 1 to 5 hours. Since “x” depends
on the oxidation state of Mo, V, Sb and A elements, the
amount of oxygen in the catalyst represented by “x” does not
only depends on the chemical composition, but mainly on the
activation process employed, since the proper combination of
oxidant and/or reducing agents allows to tune the oxidation
state of the metallic atoms, so generating highly active and
selective catalysts.

An especially preferred embodiment of the invention
involves formation of a multimetallic mixed oxide having the
formula

MoV,,Sb,A,0,

wherein A represents Nb, W, Ga, Bi, Sn, Cu, Ti, Fe, Co, Ni,
Cr, Zr, rare earth metals or rare earth alkaline metals or
mixtures of thereof, h and i, respectively, are each between
0.001 and 4.0, 0.0001<j=<2.0, the ratio i/h is between 0.3 and
10.0, and x represents the number determined by and consis-
tent with the valence requirements of the other elements
present in the multimetallic mixed oxide, said catalyst having
an M1 crystalline phase, and one or more additional crystal-
line phases, said process comprising the steps,

(a) forming a tellurium-free mixture of metallic cations,
said metallic cations consisting of molybdenum, vanadium
and antimony cations,

(b) thermally treating the tellurium-free mixture to form an
MoVSb solid,

(c) calcining the tellurium-free MoV Sb solid at a tempera-
ture in the range of from about 150 to about 700° C., in an inert
atmosphere, for about 1 to about 5 hours;

(d) doping the MoVSb solid by adding a metal cation
represented by A, such as Nb, W, Sn, Cu or K, and

(e) calcining the A metal cation-doped MoV Sb solid 150 to
about 600° C., in an inert atmosphere, preferably under nitro-
gen, for about 1 to about 5 hours to form a catalyst having one
or more crystalline phases in addition to the M1 crystalline
phase,

Each of the steps (a) through (e) are conducted in the
absence of added oxygen and added H,O,. The expression
“absence of added oxygen” means no air or gas containing
oxygen is introduced in any process step through the second
calcining step Likewise, the expression “absence of added
H,0,”, means that no H,O, is introduced in any process step.
In this preferred embodiment of the invention, no metal cation
other than a Mo, V or Sb cation is present during formation of
the catalyst until the A metal cation, such as Nb, is added.

In an additional preferred embodiment, A correspond to
Nb, W, Ga, Bi, Sn, Ti, Fe, Co, Cu, Ni, Cr, Zr, rare earth metals,
alkaline metals, or alkaline rare earth metals, or mixtures
thereof.

In another preferred embodiment, A represents Nb, W, Sn,
Cu, K or mixtures thereof.

10

15

20

25

30

35

40

45

50

55

60

65

12

In a preferred embodiment, the as-prepared multimetallic
mixed oxides and/or the activated ones, thermally-treated,
containing Mo, V and Sb in the form of at least one mixed
oxide in the catalyst formulation.
After thermal treatment performed to activate solids, the
thermally treated solid exhibits an X-ray pattern with several
diffraction lines. The most important diffraction lines present
in the activated solid must be located at 26 equal to 6.6£0.4,
7.70.4, 9.0£0.4, 22.2+0.4, 26.70.4, 26.8+0.4, 27.1x0.4;
which corresponds to the orthorhombic bronze-like structure,
denominated as M1 crystalline phase (ICSD 55097). This
phase has been recurrently claimed as the most active for
oxidative dehydrogenation of ethane to ethylene. Thus, many
efforts have been driven to produce solids with sole M1 phase.
However, the activated solids prepared according to the meth-
ods presented in this invention, often show XRD patterns with
additional diffraction lines, denoting the presence of other
metallic oxides, which are also part of the composition of the
multimetallic catalytic system. It is worth noticing that those
activated solids are remarkably more active and selective in
the oxidative dehydrogenation of ethane to ethylene, even
compared with those exhibiting the sole M1 phase. As seen in
the XRD patterns shown in FIGS. 2 to 7, 9, 10 and 17, and
microscopy images reported in FIGS. 14 to 16, where the
presence of crystalline structures in addition to the M1 phase
are detected. The resultant solid is highly active and selective
catalysts for the oxidative dehydrogenation of ethane to eth-
ylene.
The catalyst may be supported over a solid, such as, silica,
silica gel, amorphous silica, zirconium oxide, silicon carbide,
alumina, titanium oxide, cordierite, kaolin, aluminum-sili-
cates or a mixture thereof, the FIG. 16 is presented as illus-
tration. The amount of the selected support ranges from 20 to
70 wt. % of the total catalyst weight. Likewise, the catalyst
can be a multimetallic mixed oxide in self-supported form,
and/or in strong interaction with the crystalline phase
obtained and/or segregated from the metallic elements ini-
tially present in the solid precursor, as it is confirmed in FIGS.
10C and 14. In this respect, the segregated metallic oxide
allows the formation of crystals of a nanometric size of the
M1 active phase of the multimetallic oxide, increasing in this
way the number of active sites in the catalyst. In a preferred
form, it is desirable that the segregated phase be the crystal-
line phase of the molybdenum oxide (MoO;) and/or M2
phase, which facilitate the dispersion of nanometric crystals
of the multimetallic mixed oxide, mostly M1 phase.
Preparation Methods of Multimetallic Mixed Oxides
The multimetallic mixed oxides catalyst can be prepared
by conventional methods from solutions containing com-
pounds of the various elements, from solutions of the same
pure elements, or from the mixture of both, by adjusting the
desired atomic ratios. The above mentioned solutions are
preferably watery solutions.
The procedure to prepare the multimetallic mixed oxides
catalyst comprises at least the following stages:
1.—A first stage in which the different metallic precursors
are mixed and the pH of the solutions can be adjusted.

2.—The second step involves the set-up of the preparation
conditions of the metallic precursor mixture of the pre-
vious step to produce a solid either by hydrothermal or
heat treatment process.

3.—The third stage involves the drying the solid obtained

in the second step.

4.—The fourth stage involves the thermal treatment pro-

cedure of the dried solid, in order to get an activated
solid, which can be used as catalyst for the oxidative
dehydrogenation of ethane to ethylene.
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In the first stage, the metallic precursors may be: pure
metallic elements, metallic salts, metallic oxides, metallic
hydroxides, metallic alkoxides, mineral acids, and/or mix-
tures thereof. The pH of the mixture of multimetallic mixed
oxides of the first stage may be adjusted with organic or
inorganic bases or mineral acids, such as, ammonia, H,SO,,
HNO;, HCI or mixture of thereof.

According to one preparation procedure, after the second
stage the mixture is subject to hydrothermal treatment, as
second step, and kept between 100-200° C. for 12-150 hours.
After the second stage the mixture is heat treated at a tem-
perature ranging from 50-100° C. Then the mixture is sub-
jected to evaporation process to remove water.

In the “doping” preparation procedure, in which doping
elements are incorporated into the multimetallic mixed
oxides of the first stage, such incorporated elements include
Nb, Cu, W, Bi, Sn, Ti, Fe, Co, Ni, Cr, Ga, Zr, rare earth
elements, alkali metal or alkaline earth metal, as salts, oxides,
hydroxides, or alkoxides, pure or as mixtures of thereof. Next,
the mixture is heat treated at a temperature ranging from
50-100° C. and subjected to evaporation process to remove
water.

The multimetallic mixed oxide mixture, prepared in the
second stage either by hydrothermal or heat treatments, is
washed or dried at 80-120° C., as a third step.

The dried solids, obtained in the third step, are activated by
thermal treatments at temperatures ranging from 150-350° C.
under oxidant and/or reducing and/or inert atmosphere for 1
to 5 hours; and then thermally treated at temperatures ranging
from 150 to 700° C. under an oxidant and/or inert flow,
preferably nitrogen, for 1 to 5 hours.

The washed and dried solids prepared in the second stage
either by hydrothermal or heat treatments are thermally
treated at temperature ranging from 150 to 700° C. Then
doping solutions containing elements, such as, Nb, Cu, W, Bi,
Sn, Ti, Fe, Co, Ni, Cr, Ga, Zr, rare earth elements, alkali metal
or alkaline earth metal, as salts, oxides, hydroxides, or alkox-
ides, pure or as mixtures of thereof; are mixed with the ther-
mally treated solid. The promoted materials obtained in this
way are dried at 80-120° C. Dried solids are activated by
thermal treatments at temperatures ranging from 150-350°
C., preferably 160-300° C., under oxidant and/or reducing
and/or inert atmosphere for 1 to 5 hours; and then thermally
treated at temperatures ranging from 150 to 700° C., prefer-
ably 550 to 650° C. under an oxidant and/or inert flow, pref-
erably nitrogen, for 1 to 5 hours.

According to the process for preparing the catalyst of the
present invention in which a structure-directing compound is
added into the multimetallic mixed oxide mixture prepared in
the first step, such organic species are used as a template, or
structure directing agent or as a modifier of the oxidation state
of metallic elements forming the solid. When such organic
compound is added into the multimetallic mixed oxide mix-
ture, the mixture is subjected to either hydrothermal or heat
treatment, as second step, at a temperature between 100-200°
C., preferably between 150-180° C. for 12-48 hours. As third
step, the produced solid is washed and dried at 80-120° C. The
organic structure-directing compound may be primary
amines, secondary amines, tertiary amines, ammonia, tetra-
methyl ammonium or hydrazine. Preferably, methylamine,
dimethyl amine, tri-methyl amine, diethyl amine, or mixtures
thereofareutilized. The quantity of amine that is incorporated
into the multimetallic mixed oxide mixture depends upon the
amount of Mo that the catalyst will contain. The atomic ratio
of nitrogen (in the amine) to Mo in the multimetallic mixed
oxide mixture lies in the 0.0001-5.0 range.
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If hydrazine is added to the multimetallic mixed oxide
mixture, as the structure-directing compound, it should be
used in a molar ratio of N,H,/Mo within the range 0.001 to
2.0, preferably from 0.01 and 1.0.

In the first mixing stage, the metallic precursors are molyb-
denum, vanadium and antimony, which can be added as pure
metallic elements, or metallic salts, or metallic oxides, or
metallic hydroxides, or metallic alkoxides or mineral acids or
as mixtures of them. Hence, sulfates, oxalates, halides or
nitrates can be used as metallic salts, preferably halides and
sulfates. The term “metallic precursor” is intended to include
any such form of molybdenum, vanadium and antimony.

Molybdenum may be added in the mixing stage preferably
in the form of ammonium molybdate, molybdic acid, ammo-
nium hepta-molybdate or molybdenum oxide. Vanadium can
be incorporated during the mixing stage as well, preferably in
the form of ammonia vanadate, vanadyl sulfate, vanadium
oxide, vanadyl oxalate or vanadyl chloride. Antimonium, in
turn, can be also added during the mixing stage preferably as
antimonium oxide, antimonium sulfate, antimonium oxalate,
antimonium chloride, antimonium bromide, antimonium
iodide, antimonium fluoride or metallic antimonium. In the
said compounds, antimonium can be in the form of Sb (III),
Sb(V) or Sb (0O), preferably as compound of Sb (III).

The doping elements Nb, Cu, W, Bi, Sn, Ti, Fe, Co, Ni, Cr,
Ga, Zr, rare earth metals, alkali metal or alkaline rare earths
metals, can be added in the form of oxides, hydroxides or
alkoxides, pure or as a part of a mixture of two or more
elements. As a metals source, metallic sulfates, oxalates,
halides or nitrates can be utilized, more preferably halides and
sulfates.

Hydrazine, in turn, can be also added during the mixing
stage or once all the different metallic compounds have been
already incorporated.

The mixing stage can be followed by a holding period in a
reactor either in static mode or under stifling. The period of
time, statics or under stifling, can be conducted at atmo-
spheric pressure or under pressure. After concluding the mix-
ing stage, the formation of the solid precursor of the multim-
etallic mixed oxide catalyst is conducted either by
hydrothermal or heat thermal process.

The third stage, for the heat thermal process, can be per-
formed by means of conventional methods, that is evapora-
tion in an oven, or vacuum drying, or spray drying, and/or
mixture of thereof.

In the particular case of preparing said materials through a
hydrothermal procedure, the temperature and time of reaction
synthesis have an important influence on the physicochemi-
cal properties of the solid. Hence, the temperature of synthe-
sis is ranging from 100 to 200° C. and, preferably between
150 and 180° C. The time of synthesis lies, preferably, within
the 6-150 hours range, and more specifically, from 12 to 48
hours.

In an alternative preparation of the procedure disclosed in
the present invention, wherein into the mixture of multimetal-
lic mixed oxides of molybdenum, vanadium and antimony are
incorporated as metallic oxides on a support, such as, silica,
silica gel, amorphous silica, zirconium oxide, silicon carbide,
alumina, titanium oxide, cordierite, kaolin, alumino-silicates
or a mixture thereof.

In an alternative preparation of the procedure disclosed in
the present invention, wherein the amount of metallic oxides
used as support, such as, silica, silica gel, amorphous silica,
zirconium oxide, silicon carbide, alumina, titanium oxide,
cordierite, kaolin, alumino-silicates, or a mixture thereof,
may range from 20 to 70 wt. %.
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In an alternative preparation of the procedure disclosed in
the present invention, wherein an oxidant agent, such as
H,0,, is added to the mixture of multimetallic mixed oxides
of molybdenum, vanadium and antimony and the support
selected, in order to adjust the oxidation state of cations. The
final mixture is heat treated at a temperature ranging from
50-100° C., preferably between 70-90° C., and then it is
subjected to evaporation process to remove water. As final
step, the produced solid is washed and dried at 80-120° C.
Activation Process of Multimetallic Mixed Oxides

The activation process for the dried multimetallic mixed
oxides is performed by thermal treatments at temperatures
ranging from 150-350° C., preferably from 160-300° C.
under oxidant and/or reducing and/or inert atmosphere for 1
to 5 hours, preferably 2 hours; and then thermally treated at
temperatures ranging from 150 to 700° C., preferably from
550-650° C. under an oxidant and/or inert flow, preferably
nitrogen, for 1 to 5 hours, preferably 2 hours.

In the activation process of the dried solids obtained in the
third stage, the oxidizing agents may be oxygen, air, CO,,
nitrous oxide, ozone or mixtures thereof, more preferably
oxygen and air.

Alternatively, the activation of the dried solids obtained in
the third stage may be conducted with inert agents including
nitrogen, argon, helium, krypton, neon, xenon or mixtures
thereof, more preferably nitrogen.

Likewise, the activation process of the dried solids
obtained in the third stage may be conducted with reducing
agents including hydrogen, CO, alcohols, H,O,, light hydro-
carbons such as methane, or mixtures thereof.

Once available in the thermally-treated form, the catalyst
prepared in accordance to the procedure described in the
present invention is suitable to be used for the oxidative
dehydrogenation of ethane to produce ethylene.

Application of Activated Multimetallic Mixed Oxides as
Catalysts for Oxidative Dehydrogenation of Ethane to Ethyl-
ene

The oxidative dehydrogenation of ethane to produce eth-
ylene involves contacting ethane or ethane mixed with other
light hydrocarbons, with an oxidant agent and/or an inert
agent, using as catalyst the activated multimetallic mixed
oxide solid. The feedstock for conversion of ethane, or ethane
mixed with other light hydrocarbons, to ethylene; preferably
utilize light hydrocarbons restricted to C, to C, in which their
content is lower than 15 volume % with respect to ethane.
Conversion of ethane, or ethane mixed with other light hydro-
carbons, to ethylene, utilizes an oxidizing agent which may
be oxygen, air, CO,, nitrous oxide, ozone or mixtures thereof,
more preferably oxygen and air. Ethane, or ethane mixed with
other light hydrocarbons, may include an inert agent, which
can be nitrogen, argon, helium, krypton, neon, xenon or mix-
tures of thereof, more preferably nitrogen. When the oxida-
tive dehydrogenation of ethane to ethylene is conducted in the
gas phase, it is carried out in the presence of water vapor. The
water content can vary from 0.0001 to 80 mole %, more
preferably between 20 and 60 mole %. The catalyst of the
present invention exhibits high ethane conversion of and high
ethylene selectivity of higher than 92%, at moderate reaction
temperatures <500° C., and atmospheric pressure, without
the formation of acetic acid and/or other oxygenated hydro-
carbons. The conversion of ethane, or ethane mixed with
other light hydrocarbons, to ethylene, may be performed in
fixed-bed multi-tubular or fluidized-bed reactors at atmo-
spheric pressure (between about 0.77 and 1 atmosphere) or
under pressure as is conventional at a reaction temperature of
from about 250 to 550° C., preferably between 300 and 480°
C., and more preferably within the range 350-450° C. A
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space-time corresponding to the ratio of the catalyst mass to
the inlet molar flow rate of ethane (W/F_,, ,.°) was spanned
in the range 10 and 800 g__, h (mol)™", preferably within the
20-600 g_, h (mol)™" range, and more preferably between 30
and 350 g_, h (mol)~* may be utilized. The catalysts of the
present invention provide high ethane conversion, ethylene
selectivity and ethylene yield. For example, MoV, Sb,A O,
catalysts display an ethane conversion higher than 86 mole %
and the ethylene selectivity can be higher than 95 mole %, at
reaction temperatures varied from 250 to 550° C., and at
atmospheric pressure; wherein the space-time corresponding
to the ratio of the catalyst mass to the inlet molar flow rate of
ethane (W/F_,;,....") was spanned in the range 10and 800 g,
h (mol)~*. The use of activated MoV, Sb, catalyst can provide
an ethylene selectivity higher than 92%, ethane conversion is
higher than 86% with the reaction temperatures ranges from
420 to 540° C., under an operating pressure comprised
between 0.8 to 1 atm. The W/F ° was spanned in the 80 to
160 g_ . h (mol)™* range.

An activated MoV, Sb, catalyst, prepared according to the
claims 1 to 6 wherein the ethylene yield is higher than 70% at
reaction temperatures ranging from 420 to 540° C., under an
operating pressure comprised between 0.8 to 1 atm. and the
WIF, 0’ spanned in the 80 to 160 g, h (mol)~" range. The
use of activated MoV, Sb,A; catalysts can provide ethylene
selectivity higher than 92%, ethane conversion higher than
84% and the reaction temperatures ranges from 420 to 450°
C., under an operating pressure comprised between 0.8 to 1
atm, with a W/F,, . ° of 160 g_,, h (mol)™'. Likewise, such
catalyst can provide an ethylene yield higher than 71%, at
reaction temperatures ranging from 420 to 450° C., under an
operating pressure comprised between 0.8 to 1 atm. The
WIF, e’ Was 160 g_.. h (mol)™'. The use of activated
MoV, Sb, catalyst provides ethylene selectivity higher than
93%, ethane conversion is higher than 75% at reaction tem-
peratures from 390 to 470° C., under an operating pressure
comprised between 0.8 to 1 atm. The W/F ,, . .° was spanned
in the 80 to 160 g_,, h (mol)™* range. Likewise, such catalyst
can provide ethylene yield higher than 62%, at reaction tem-
peratures ranging from 390 to 470° C., under an operating
pressure comprised between 0.8 to 1 atm. The W/F °was
spanned in the 80 to 160 g__, h (mol)™" range.

The use of activated MoV, Sb,A; catalyst supported over a
metal oxide results in ethylene selectivity higher than 95%
and ethane conversion higher than 71% using reaction tem-
peratures from 430 to 460° C., under an operating pressure
comprised between 0.8 to 1 atm. The W/F_,,,,...° is in the 170
t0320 g, h (mol)~" range. An activated MoV, Sb,A, catalyst
supported over a metal oxide can provide an ethylene yield
higher than 63%, at reaction temperatures ranging from 430
to 460° C., under an operating pressure comprised between
0.8 to 1 atm. The W/F,_,,,,..° was in the 170 to 320 g_, h
(mol)™! range. Thus, the catalysts of the present invention
provide an ethane conversion higher than 86 mole % and the
ethylene selectivity can be higher than 95 mole %, at moder-
ate reaction temperatures <500° C., and at atmospheric pres-
sure as indicated by the following Examples.

ethane

ethane

EXAMPLES

Once the basic aspects related to the present invention have
been described a series of examples are offered to illustrate
specific embodiments; notwithstanding, the invention should
not be considered to be limited to said. Room temperature is
defined herein after as temperature ranging from 10 and 40°
C. The results of the catalytic tests, associated to examples
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here presented, were obtained at atmospheric pressure, which
is here defined as a pressure ranging between 0.77 and 1
atmosphere.

Examples 1 to 14 are related to catalyst prepared by means
of the so-called hydrothermal method.

Example 1

11.7 grams of tetra-hydrated ammonium hepta-molybdate
and 2.7 grams of antimonium sulfate are dissolved in 85
grams of distilled water at 80° C. In parallel, a solution is
prepared with 4.0 grams of vanadyl sulfate in 17 grams of
distilled water at room temperature. The second solution is
added slowly to the first one at room temperature under con-
stant stifling. The resulting mixture is then transferred to a
Teflon coated stainless-steel autoclave. Nitrogen is bubbled
for 5 minutes in the mixture to remove the air contained inside
the autoclave. Then, the autoclave is maintained, without
stirring, at 175° C. for 4 days. Autoclave is subsequently
cooled down to room temperature. The content of the auto-
clave is filtered and, next, the solid fraction is recovered and
washed with distilled water. Subsequently, the solid is dried at
100° C. and then treated thermally at 600° C. for 2 hours
under nitrogen flow. The solid resulting from this example is
coded as Catalyst 1, with the atomic ratio Mo, ,V 365bg ;5.
Ina further stage, it is catalytically tested in quartz made fixed
bed reactor using, as a feed, a gaseous mixture composed of
ethane/oxygen/nitrogen with a nominal molar ratio of 9/7/84.
Theresults of the catalytic activity testing with corresponding
operating conditions in terms of temperature and space-time
are displayed in Table 1.

Example 2

10.7 grams of tetra-hydrated ammonium hepta-molybdate
and 3.3 grams of antimonium bromide are dissolved in 78
grams of distilled water at 80° C. In parallel, a solution is
prepared with 3.6 grams of vanadyl sulfate in 15 grams of
distilled water at room temperature. The second solution is
added slowly to the first one at room temperature under con-
stant stifling. The resulting mixture is then transferred to a
Teflon coated stainless-steel autoclave. Nitrogen is bubbled
for 5 minutes in the mixture to remove the air contained inside
the autoclave. Then, the autoclave is maintained, without
stirring, at 175° C. for 4 days. Autoclave is subsequently
cooled down to room temperature. The content of the auto-
clave is filtered and, next, the solid fraction is recovered and
washed with distilled water. Subsequently, the solid is dried at
100° C. and then treated thermally at 600° C. for 2 hours
under nitrogen flow. The solid resulting from this example is
denoted as Catalyst 2, with the atomic ratio Mo, ,V 565bg ;5.
In a further stage, it is catalytically tested in a quartz-made
fixed-bed reactor using, as a feed, a gaseous mixture com-
posed of ethane/oxygen/nitrogen with a nominal molar ratio
of 9/7/84. The results of the catalytic activity testing with
corresponding operating conditions in terms of temperature
and space-time are displayed in Table 1.

Example 3

12.3 grams of tetra-hydrated ammonium hepta-molybdate
and 2.4 grams of antimonium chloride are dissolved in 90
grams of distilled water at 80° C. In parallel, a solution is
prepared with 4.1 grams of vanadyl sulfate in 17 grams of
distilled water at room temperature. The second solution is
added slowly to the first one at room temperature under con-
stant stifling. The resulting mixture is then transferred to a
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Teflon coated stainless-steel autoclave. Nitrogen is bubbled
for 5 minutes in the mixture to remove the air contained inside
the autoclave. Then, the autoclave is maintained, without
stirring, at 175° C. for 4 days. Autoclave is subsequently
cooled down to room temperature. The content of the auto-
clave is filtered and, next, the solid fraction is recovered and
washed with distilled water. Subsequently, the solid is dried at
100° C. and then treated thermally at 600° C. for 2 hours
under nitrogen flow. The solid resulting from this example is
coded as Catalyst 3, with the atomic ratio Mo, ;,Sb, ;5. Ina
further stage, it is catalytically tested in a quartz-made fixed
bed reactor using, as a feed, a gaseous mixture composed of
ethane/oxygen/nitrogen with a nominal molar ratio of 9/7/84.
The results of the catalytic activity testing with corresponding
operating conditions in terms of temperature and space-time
are displayed in Table 1.

Example 4

9.0 grams of tetra-hydrated ammonium hepta-molybdate
and 2.1 grams of antimonium sulfate are dissolved in 79
grams of distilled water at 80° C. and then, this solution is
acidified with 4.0 ml of H,SO, 1M (pH=2.0). In parallel,
another solution is prepared with 3.0 grams of vanadyl sulfate
in 13 grams of distilled water at room temperature. The sec-
ond solution is added slowly to the first one at room tempera-
ture under constant stifling. The resulting mixture is then
transferred to a Teflon coated stainless-steel autoclave. Nitro-
gen is bubbled for 5 minutes in the mixture to remove the air
contained inside the autoclave. Then, the autoclave is main-
tained, without stifling, at 175° C. for 4 days. Autoclave is
subsequently cooled down to room temperature. The content
of the autoclave is filtered and, next, the solid fraction is
recovered and washed with distilled water. Subsequently, the
solid is dried at 100° C. and then treated thermally at 600° C.
for 2 hours under nitrogen flow. The solid resulting from this
example is denoted as Catalyst 4, with the atomic ratio
Mo, ,V, 565D, ;5. In afurther stage, it is catalytically tested in
a quartz-made fixed bed reactor using, as a feed, a gaseous
mixture composed of ethane/oxygen/nitrogen with a nominal
molar ratio of 9/7/84. The results of the catalytic activity
testing with corresponding operating conditions in terms of
temperature and space-time are displayed in Table 1.

Example 5

18.1 grams of tetra-hydrated ammonium hepta-molybdate
and 4.1 grams of antimonium sulfate are dissolved in 132
grams of distilled water at 80° C. and, the resulting solution is
acidified with 8.5 ml of H,SO, 1M (pH=2.0). In parallel,
another solution is prepared with 6.0 grams of vanadyl sulfate
in 25 grams of distilled water at room temperature. The sec-
ond solution is added slowly to the first one at room tempera-
ture under constant stifling. The resulting mixture is then
transferred to a Teflon coated stainless-steel autoclave. Nitro-
gen is bubbled for 5 minutes in the mixture to remove the air
contained inside the autoclave. Then, the autoclave is main-
tained, without stirring, at 175° C. for 1 day. Autoclave is
subsequently cooled down to room temperature. The content
of the autoclave is filtered and, next, the solid fraction is
recovered and washed with distilled water. Subsequently, the
solid is dried at 100° C. and then treated thermally at 600° C.
for 2 hours under nitrogen flow. The solid resulting from this
example is coded as Catalyst 5, with the atomic ratio
Mo, (V563D ;5. Inafurther stage, it is catalytically tested in
a quartz-made fixed bed reactor using, as a feed, a gaseous
mixture composed of ethane/oxygen/nitrogen with a nominal
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molar ratio of 9/7/84. The results of the catalytic activity
testing with corresponding operating conditions in terms of
temperature and space-time are displayed in Table 1.

Example 6

8.9 grams of tetra-hydrated ammonium hepta-molybdate
and 2.7 grams of antimonium bromide are dissolved in 141
grams of distilled water at 80° C. In parallel, a solution is
prepared with 3.0 grams of vanadyl sulfate in 13 grams of
distilled water at room temperature. The second solution is
added slowly to the first one at room temperature under con-
stant stifling. The resulting mixture is then transferred to a
Teflon coated stainless-steel autoclave. Nitrogen is bubbled
for 5 minutes in the mixture to remove the air contained inside
the autoclave. Then, the autoclave is maintained, without
stirring, at 175° C. for 4 days. Autoclave is subsequently
cooled down to room temperature. The content of the auto-
clave is filtered and, next, the solid fraction is recovered and
washed with distilled water. Subsequently, the solid is dried at
100° C. and then treated thermally at 600° C. for 2 hours
under nitrogen flow. The solid resulting from this example is
coded as Catalyst 6, with the atomic ratio Mo, ;,Sb, ;5. Ina
further stage, it is catalytically tested in a quartz-made fixed
bed reactor using, as a feed, a gaseous mixture composed of
ethane/oxygen/nitrogen with a nominal molar ratio of 9/7/84.
Theresults of the catalytic activity testing with corresponding
operating conditions in terms of temperature and space-time
are displayed in Table 1.

Example 7

17.1 grams of tetra-hydrated ammonium hepta-molybdate
and 5.3 grams of antimonium bromide are dissolved in 125
grams of distilled water at 80° C. In parallel, a solution is
prepared with 5.7 grams of vanadyl sulfate in 24 grams of
distilled water at room temperature. The second solution is
added slowly to the first one at room temperature under con-
stant stifling. The resulting mixture is then transferred to a
Teflon coated stainless-steel autoclave. Nitrogen is bubbled
for 5 minutes in the mixture to remove the air contained inside
the autoclave. Then, the autoclave is maintained, without
stirring, at 175° C. for 2 days. Autoclave is subsequently
cooled down to room temperature. The content of the auto-
clave is filtered and, next, the solid fraction is recovered and
washed with distilled water. Subsequently, the solid is dried at
100° C. and then treated thermally at 600° C. for 2 hours
under nitrogen flow. The solid resulting from this example is
coded as Catalyst 7, with the atomic ratio Mo, ;,Sb, ;5. Ina
further stage, it is catalytically tested in a quartz-made fixed
bed reactor using, as a feed, a gaseous mixture composed of
ethane/oxygen/nitrogen with a nominal molar ratio of 9/7/84.
Theresults of the catalytic activity testing with corresponding
operating conditions in terms of temperature and space-time
are displayed in Table 1.

Example 8

10.8 grams of tetra-hydrated ammonium hepta-molybdate
and 3.3 grams of antimonium bromide are dissolved in 79
grams of distilled water at 80° C. In parallel, a solution is
prepared with 3.6 grams of vanadyl sulfate in 15 grams of
distilled water at room temperature. The second solution is
added slowly to the first one at room temperature under con-
stant stifling. The resulting mixture is then transferred to a
Teflon coated stainless-steel autoclave. Nitrogen is bubbled
for 5 minutes in the mixture to remove the air contained inside
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the autoclave. Then, the autoclave is maintained, without
stifling, at 175° C. for 1 day. Autoclave is subsequently cooled
down to room temperature. The content of the autoclave is
filtered and, next, the solid fraction is recovered and washed
with distilled water. Subsequently, the solid is dried at 100° C.
and then treated thermally at 600° C. for 2 hours under nitro-
gen flow. The solid resulting from this example is coded as
Catalyst 8 with the atomic ratio Mo, ,V, 36Sb ;5. The X-ray
diffraction spectra of the catalyst, (A) dried at 100° C. and (B)
thermally treated at 600° C. under nitrogen flow are shown in
FIG. 1. Scanning Electron Microscopy (SEM) images of the
catalyst, dried at 100° C., are presented in FIG. 11; it is
observed clearly the well ordering of crystallites, which are
arranged forming cavities with suitable porosity to enhance
the molecular traffic. In a further stage, it is catalytically
tested in a quartz-made fixed bed reactor using, as a feed, a
gaseous mixture composed of ethane/oxygen/nitrogen with a
nominal molar ratio of 9/7/84. The results of the catalytic
activity testing with corresponding operating conditions in
terms of temperature and space-time are displayed in Table 1.

Example 9

17.5 grams of tetra-hydrated ammonium hepta-molybdate
and 5.4 grams of antimonium bromide are dissolved in 127
grams of distilled water at 80° C. In parallel, a solution is
prepared with 5.8 grams of vanadyl sulfate in 25 grams of
distilled water at room temperature. The second solution is
added slowly to the first one at room temperature under con-
stant stifling and then 0.2 grams of potassium hydrogen car-
bonate are incorporated into the new solution. The resulting
mixture is next transferred to a Teflon coated stainless-steel
autoclave. Nitrogen is bubbled for 5 minutes in the mixture to
remove the air contained inside the autoclave. Then, the auto-
clave is maintained, without stifling, at 175° C. for 4 days.
Autoclave is subsequently cooled down to room temperature.
The content of the autoclave is filtered and, next, the solid
fraction is recovered and washed with distilled water. Subse-
quently, the solid is dried at 100° C. and then treated thermally
at 600° C. for 2 hours under nitrogen flow. The solid resulting
from this example is coded as Catalyst 9 with the atomic ratio
Mo, (Vg 565bg 15Kg oz- In a further stage, it is catalytically
tested in a quartz-made fixed bed reactor using, as a feed, a
gaseous mixture composed of ethane/oxygen/nitrogen with a
nominal molar ratio of 9/7/84. The results of the catalytic
activity testing with corresponding operating conditions in
terms of temperature and space-time are displayed in Table 1.

Example 10

18.1 grams of tetra-hydrated ammonium hepta-molybdate
and 5.5 grams of antimonium bromide are dissolved in 132
grams of distilled water at 80° C. In parallel, a solution is
prepared with 6.0 grams of vanadyl sulfate in 25 grams of
distilled water at room temperature. The second solution is
added slowly to the first one at room temperature under con-
stant stifling. The resulting mixture is then transferred to a
Teflon coated stainless-steel autoclave. Nitrogen is bubbled
for 5 minutes in the mixture to remove the air contained inside
the autoclave. Then, the autoclave is maintained, without
stirring, at 175° C. for 4 days. Autoclave is subsequently
cooled down to room temperature. The content of the auto-
clave is filtered and, next, the solid fraction is recovered and
washed with distilled water. Subsequently, the solid is dried at
100° C. and then treated thermally at 600° C. for 2 hours
under nitrogen flow. Separately, 0.01 grams of potassium
hydrogen carbonate are dissolved in 3.1 grams of water at
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room temperature to produce a solution that is added to 7.8 g
of the solid previously obtained. The suspension resulting
from the previous stage is filtered and the solid obtained is
washed with distilled water, dried at 100° C. and then treated
thermally at 600° C. for 2 hours under nitrogen flow. This
thermally-treated sample is designated Catalyst 10 with the
atomic ratio Mo, oV, 565bg 15K o0z- In a further stage, it is
catalytically tested in a quartz-made fixed bed reactor using,
as a feed, a gaseous mixture composed of ethane/oxygen/
nitrogen with a nominal molar ratio of 9/7/84. The results of
the catalytic activity testing with corresponding operating
conditions in terms of temperature and space-time are dis-
played in Table 1.

Example 11

18.1 grams of tetra-hydrated ammonium hepta-molybdate
and 5.5 grams of antimonium bromide are dissolved in 132
grams of distilled water at 80° C. In parallel, a solution is
prepared with 6.0 grams of vanadyl sulfate in 13 grams of
distilled water at room temperature. The second solution is
added slowly to the first one at room temperature under con-
stant stifling. The resulting mixture is then transferred to a
Teflon coated stainless-steel autoclave. Nitrogen is bubbled
for 5 minutes in the mixture to remove the air contained inside
the autoclave. Then, the autoclave is maintained, without
stirring, at 175° C. for 4 days. Autoclave is subsequently
cooled down to room temperature. The content of the auto-
clave is filtered and, next, the solid fraction is recovered and
washed with distilled water. Subsequently, the solid is dried at
100° C. and then treated thermally at 600° C. for 2 hours
under nitrogen flow. Separately, 0.02 grams of copper (II)
sulfate are dissolved in 3.1 grams of water at room tempera-
ture to produce a solution that is added to 7.8 g of the solid
previously obtained. The suspension resulting from the pre-
vious stage is filtered and the solid obtained is washed with
distilled water, dried at 100° C. and then treated thermally at
600° C. for 2 hours under nitrogen flow. This thermally-
treated sample is denoted as Catalyst 11 with the atomic ratio
Mo, ,V, 565b, 15CU, g05- In a further stage, it is catalytically
tested in a quartz-made fixed bed reactor using, as a feed, a
gaseous mixture composed of ethane/oxygen/nitrogen with a
nominal molar ratio of 9/7/84. The results of the catalytic
activity testing with corresponding operating conditions in
terms of temperature and space-time are displayed in Table 1.

Example 12

18.1 grams of tetrahydrated ammonium hepta-molybdate
and 5.5 grams of antimonium bromide are dissolved in 132
grams of distilled water at 80° C. In parallel, a solution is
prepared with 6.0 grams of vanadyl sulfate in 13 grams of
distilled water at room temperature. The second solution is
added slowly to the first one at room temperature under con-
stant stifling. The resulting mixture is then transferred to a
Teflon coated stainless-steel autoclave. Nitrogen is bubbled
for 5 minutes in the mixture to remove the air contained inside
the autoclave. Then, the autoclave is maintained, without
stirring, at 175° C. for 4 days. Autoclave is subsequently
cooled down to room temperature. The content of the auto-
clave is filtered and, next, the solid fraction is recovered and
washed with distilled water. Subsequently, the solid is dried at
100° C. and then treated thermally at 600° C. for 2 hours
under nitrogen flow. Separately, 0.02 grams of niobium
oxalate are dissolved in 3.1 grams of water at room tempera-
ture to produce a solution that is added to 7.8 g of the solid
previously obtained. The suspension resulting from the pre-
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vious stage is filtered and the solid obtained is washed with
distilled water, dried at 100° C. and then treated thermally at
600° C. for 2 hours under nitrogen flow. This thermally-
treated sample is designated Catalyst 12 with the atomic ratio
Mo, ,V, 565b, ;sNbg oo5- In a further stage, it catalytically
tested in a quartz-made fixed bed reactor using, as a feed, a
gaseous mixture composed of ethane/oxygen/nitrogen with a
nominal molar ratio of 9/7/84. The results of the catalytic
activity testing with corresponding operating conditions in
terms of temperature and space-time are displayed in Table 1.

Example 13

18.1 grams of tetra-hydrated ammonium hepta-molybdate
and 5.5 grams of antimonium bromide are dissolved in 132
grams of distilled water at 80° C. In parallel, a solution is
prepared with 6.0 grams of vanadyl sulfate in 13 grams of
distilled water at room temperature. The second solution is
added slowly to the first one at room temperature under con-
stant stifling. The resulting mixture is then transferred to a
Teflon coated stainless-steel autoclave. Nitrogen is bubbled
for 5 minutes in the mixture to remove the air contained inside
the autoclave. Then, the autoclave is maintained, without
stirring, at 175° C. for 4 days. Autoclave is subsequently
cooled down to room temperature. The content of the auto-
clave is filtered and, next, the solid fraction is recovered and
washed with distilled water. Subsequently, the solid is dried at
100° C. and then treated thermally at 600° C. for 2 hours
under nitrogen flow. Separately, 0.03 grams of ammonium
meta-tungstate are dissolved in 3.1 grams of water at room
temperature to produce a solution that is added to 7.8 g of the
solid formerly obtained. The suspension resulting from the
previous step is filtered and the solid obtained is washed with
distilled water, dried at 100° C. and then treated thermally at
600° C. for 2 hours under nitrogen flow. This thermally-
treated sample is designated Catalyst 13 with the atomic ratio
Mo, (Vg 565bg 15 Wg 00o- In a further stage, it is catalytically
tested in a quartz-made fixed bed reactor using, as a feed, a
gaseous mixture composed of ethane/oxygen/nitrogen with a
nominal molar ratio of 9/7/84. The results of the catalytic
activity testing with corresponding operating conditions in
terms of temperature and space-time are displayed in Table 1.

Example 14

18.1 grams of tetra-hydrated ammonium hepta-molybdate
and 5.5 grams of antimonium bromide are dissolved in 132
grams of distilled water at 80° C. In parallel, a solution is
prepared with 6.0 grams of vanadyl sulfate in 13 grams of
distilled water at room temperature. The second solution is
added slowly to the first one at room temperature under con-
stant stifling. The resulting mixture is then transferred to a
Teflon coated stainless-steel autoclave. Nitrogen is bubbled
for 5 minutes in the mixture to remove the air contained inside
the autoclave. Then, the autoclave is maintained, without
stirring, at 175° C. for 4 days. Autoclave is subsequently
cooled down to room temperature. The content of the auto-
clave is filtered and, next, the solid fraction is recovered and
washed with distilled water. Subsequently, the solid is dried at
100° C. and then treated thermally at 600° C. for 2 hours
under nitrogen flow. Separately, 0.03 grams of tin (II) sulfate
are dissolved in 3.1 grams of water at room temperature to
produce a solution that is added to 7.8 g of the solid formerly
obtained. The suspension resulting from the previous step is
filtered and the solid obtained is washed with distilled water,
dried at 100° C. and then treated thermally at 600° C. for 2
hours under nitrogen flow. This thermally-treated sample is
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designated  Catalyst 14 with the atomic ratio
Mo, ,V, 565b, 1550, oo5- In a further stage, it is catalytically
tested in a quartz-made fixed bed reactor using, as a feed, a
gaseous mixture composed of ethane/oxygen/nitrogen with a
nominal molar ratio of 9/7/84. The results of the catalytic
activity testing with corresponding operating conditions in
terms of temperature and space-time are displayed in Table 1.

As seen in the XRD spectra of FIG. 17, the catalysts of
Examples 10-14 possess M1, M2 and MoO; crystalline
phases.

Examples 15 to 22 correspond to the preparation of cata-
lysts by means of the heat thermal method.

Example 15

3.6 grams of tetra-hydrated ammonium hepta-molybdate
and 0.9 grams of antimonium sulfate are dissolved in 63
grams of distilled water at 80° C. under continuous stirring for
around 1 hour. The previous solution is acidified by adding
2.3 ml of HNO; 1M (pH=2.2) followed by the incorporation
01'0.6 grams of ammonium metavanadate. The resulting mix-
ture is stirred for several minutes (solution A). In parallel, 0.5
grams of niobium oxalate are dissolved in 18 grams of dis-
tilled water at 80° C. (solution B). Subsequently, solution B is
slowly added to solution A at room temperature under con-
tinuous stifling. The water constituting the new solution is
removed by evaporation under vacuum at 50° C. in a
rotavapor. The resulting solid is dried at 100° C., then treated
thermally at 280° C. under nitrogen flow and finally treated
thermally at 600° C. for 2 hours under nitrogen flow. The solid
sample produced in this example is referred to as Catalyst 15
with the atomic ratio Mo, ,V ,5Sbg ;sNbg 6. In a further
stage, it is catalytically tested in a quartz-made fixed bed
reactor using, as a feed, a gaseous mixture composed of
ethane/oxygen/nitrogen with a nominal molar ratio of 9/7/84.
Theresults of the catalytic activity testing with corresponding
operating conditions in terms of temperature and space-time
are displayed in Table 2.

Example 16

2.5 grams of tetra-hydrated ammonium hepta-molybdate
and 0.6 grams of antimonium sulfate are dissolved in 43
grams of distilled water at 80° C. under continuous stirring for
around 1 hour. The previous solution is acidified by adding
1.6 ml of HNO; 1M (pH=2.4) followed by the incorporation
of 0.4 grams of ammonium meta-vanadate. The resulting
mixture is stirred for several minutes (solution A). In parallel,
0.4 grams of niobium oxalate are dissolved in 12 grams of
distilled water at 80° C. (solution B). Subsequently, solution
B is slowly added to solution A at room temperature under
continuous stifling. The water constituting the new solution is
removed by evaporation under vacuum at 50° C. in a
rotavapor. The resulting solid is dried at 100° C., then treated
thermally at 280° C. under air atmosphere and finally treated
thermally at 600° C. for 2 hours under nitrogen flow. The solid
sample produced in this example is designated Catalyst 16
with the atomic ratio Mo, ,V ,5Sbg ;sNbg 6. In a further
stage, it is catalytically tested in a quartz-made fixed bed
reactor using, as a feed, a gaseous mixture composed of
ethane/oxygen/nitrogen with a nominal molar ratio of 9/7/84.
Theresults of the catalytic activity testing with corresponding
operating conditions in terms of temperature and space-time
are displayed in Table 2.

Example 17

3.4 grams of tetrahydrated ammonium hepta-molybdate
and 0.8 grams of antimonium sulfate are dissolved in 60
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grams of distilled water at 80° C. under continuous stirring for
around 1 hour. The previous solution is acidified by adding
1.3 ml of H,SO,, 1M (pH=2.5) followed by the incorporation
of 0.6 grams of ammonium meta-vanadate and 4.7 ml of
HNO; 1M (pH=2.4). The resulting mixture is stirred for sev-
eral minutes (solution A). In parallel, 0.5 grams of niobium
oxalate are dissolved in 17 grams of distilled water at 80° C.
(solution B). Subsequently, solution B is slowly added to
solution A at room temperature under continuous stifling. The
water constituting the new solution is removed by evapora-
tion under vacuum at 50° C. in arotavapor. The resulting solid
is dried at 100° C., then treated thermally at 280° C. under air
atmosphere and finally treated thermally at 600° C. for 2
hours under nitrogen flow. The solid sample produced in this
example is coded as Catalyst 17 with the atomic ratio
Mo, Vg 275bg | sNbg o6. In a further stage, it is catalytically
tested in a quartz-made fixed bed reactor using, as a feed, a
gaseous mixture composed of ethane/oxygen/nitrogen with a
nominal molar ratio of 9/7/84. The results of the catalytic
activity testing with corresponding operating conditions in
terms of temperature and space-time are displayed in Table 2.

Example 18

4.0 grams of tetra-hydrated ammonium hepta-molybdate
and 0.9806 grams of antimonium sulfate are dissolved in 70
grams of distilled water at 80° C. under continuous stirring for
around 1 hour. This solution is acidified by adding 1.2 ml of
H,SO, 1M (pH=2.5) followed by the incorporation of 0.6452
grams of ammonium meta-vanadate and 1.2 ml of HC1 1M
(pH=2.5). The resulting mixture is stirred for several minutes
(solution A). In parallel, 0.4211 grams of niobium oxalate are
dissolved in 20 grams of distilled water at 80° C. The previous
solution is cold down to room temperature and next 0.7 ml of
NH,OH 1 M (pH=2.0) are added (solution B). Subsequently,
solution B is slowly added to solution A at room temperature
under continuous stirring. The water constituting the new
solution is removed by evaporation under vacuum at 50° C. in
a rotavapor. The resulting solid is dried at 100° C., then
treated thermally at 280° C. under air atmosphere and finally
treated thermally at 600° C. for 2 hours under nitrogen flow.
The solid sample produced in this example is coded as Cata-
lyst 18 with the atomic ratio Mo, ,V, ,4Sbg ;sNbg o6. The
X-ray diffraction pattern of the catalyst thermally treated at
280° C. under air atmosphere and then thermally treated at
600° C. under nitrogen flow is shown in FIG. 2. In a further
stage, it is catalytically tested in a quartz-made fixed bed
reactor using, as a feed, a gaseous mixture composed of
ethane/oxygen/nitrogen with a nominal molar ratio of 9/7/83.
The results of the catalytic activity testing with corresponding
operating conditions in terms of temperature and space-time
are displayed in Table 2.

Example 19

8.0 grams of tetra-hydrated ammonium hepta-molybdate
and 2.62 grams of antimonium bromide are dissolved in 140
grams of distilled water at 80° C. under continuous stirring for
ca. 1 hour. This solution is acidified by adding 1.3 ml of
H,SO, 1M (pH=2.5) followed by the incorporation of 1.27
grams of ammonium meta-vanadate and 4.7 ml of HNO, 1M
(pH=2.5). The resulting mixture is stirred for several minutes
(solution A). In parallel, 0.86 grams of niobium oxalate are
dissolved in 40 grams of distilled water at 80° C. (solution B).
Later, solution B is slowly added to solution A at room tem-
perature under continuous stifling. The water constituting the
new solution is removed by evaporation under vacuum at 50°
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C. in a rotavapor. The resulting solid is dried at 100° C., and
then treated thermally at 280° C. under air atmosphere and
finally treated thermally at 600° C. for 2 hours under nitrogen
flow. The solid sample produced in this example is coded as
Catalyst 19 with the atomic ratio Mo, V, 5,Sb, ; Nbg 6-
The X-ray diffraction pattern of the catalyst thermally treated
at 280° C. under air atmosphere and then thermally treated at
600° C. under nitrogen flow is shown in FIG. 3. In a further
stage, it is catalytically tested in a quartz-made fixed bed
reactor using, as a feed, a gaseous mixture composed of
ethane/oxygen/nitrogen with a nominal molar ratio of 9/7/84.
Theresults of the catalytic activity testing with corresponding
operating conditions in terms of temperature and space-time
are displayed in Table 2.

Example 20

7.985 grams of tetra-hydrated ammonium hepta-molyb-
date and 1.642 grams of antimonium chloride are dissolved in
140 grams of distilled water at 72° C. under continuous stir-
ring for around 1 hour. Then 1.295 grams of ammonium
metavanadate are added to the previous solution followed by
anacidification with 15.5 ml of HCI 1M (pH=1.5). The result-
ing mixture is stirred for several minutes (solution A). In
parallel, 1.204 grams of niobium oxalate are dissolved in 40
grams of distilled water at 80° C. This solution is cooled down
to room temperature and next 2.5 ml of NH4OH 1 M
(pH=2.0) are added (solution B). Solution B is slowly added
to solution A at room temperature under continuous stifling.
The water constituting the new solution is removed by evapo-
ration under vacuum at 60° C. in a rotavapor. The resulting
solid is dried at 100° C., then treated thermally at 280° C.
under air atmosphere and finally treated thermally at 600° C.
for 2 hours under nitrogen flow. The solid sample produced in
this example is coded as Catalyst 20 with the atomic ratio
Mo, Vg 58bg | sNbg 6. The X-ray diffraction pattern of the
catalyst thermally treated at 280° C. under air atmosphere and
then thermally treated at 600° C. under nitrogen flow is shown
in FIG. 4. In a further stage, it is catalytically tested in a
quartz-made fixed bed reactor using, as a feed, a gaseous
mixture composed of ethane/oxygen/nitrogen with a nominal
molar ratio of 9/7/84. The results of the catalytic activity
testing with corresponding operating conditions in terms of
temperature and space-time are displayed in Table 2.

Example 21

7.985 grams of tetra-hydrated ammonium hepta-molyb-
date and 1.642 grams of antimonium chloride are dissolved in
140 grams of distilled water at 70° C. under continuous stir-
ring for around 1 hour. Then 1.295 grams of ammonium
meta-vanadate are added to the previous solution followed by
an acidification with 8.5 ml of HCI 1M (pH=1.8). The result-
ing mixture is stirred for several minutes (solution A). In
parallel, 1.204 grams of niobium oxalate are dissolved in 40
grams of distilled water at 80° C. (solution B, pH=1.7). Later,
solution B is slowly added to solution A at room temperature
under continuous stirring. The water constituting the new
solution is removed by evaporation under vacuum at 60° C. in
a rotavapor. The resulting solid is dried at 100° C., then
treated thermally at 300° C. under air atmosphere and finally
treated thermally at 600° C. for 2 hours under nitrogen flow.
The solid sample produced in this example is coded as Cata-
lyst 21 with the atomic ratio Mo, ,V, ,5Sbg ;{Nbg o6. The
X-ray diffraction pattern of the catalyst thermally treated at
300° C. under air atmosphere and then thermally treated at
600° C. under nitrogen flow is shown in FIG. 5. In a further
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stage, it is catalytically tested in a quartz-made fixed bed
reactor using, as a feed, a gaseous mixture composed of
ethane/oxygen/nitrogen with a nominal molar ratio of 9/7/84.
The results of the catalytic activity testing with corresponding
operating conditions in terms of temperature and space-time
are displayed in Table 2.

Example 22

7.0 grams of tetra-hydrated ammonium hepta-molybdate
are dissolved in 40 grams of distilled water at room tempera-
ture under continuous stifling and then 0.99 grams of antimo-
nium trioxide and 0.80 grams of 50 wt. % solution of hydro-
gen peroxide are added. The resulting mixture is maintained
under stirring at 80° C. for 1 hour until complete dissolution
of the antimonium trioxide to produce solution A. In parallel,
1.4 grams of ammonium meta-vanadate are dissolved in 40
grams of distilled water at 80° C. (solution B). Also in paral-
lel, 1.28 grams of niobium oxalate are dissolved in 20 grams
of distilled water at 80° C. producing solution B. Later solu-
tion C is added to the solution produced after blending solu-
tion A and solution B to yield a new solution. Next, 0.136
grams of monohydrated hydrazine are added to this new
solutionat 80° C. stirring for 20 minutes. 2.55 ml of H,SO, 10
wt. % (pH=4.7) are incorporated to mixture of the previous
stage. The water that is part of this final mixture is vaporized
by heating it at 200° C. The remaining solid is finally treated
thermally at 625° C. for 2 hours under nitrogen flow. The
thermally-treated solid is coded as Catalyst 22 with the
atomic ratio Mo, oV, 508b, 1, Nbg . The X-ray diffraction
pattern of the catalyst thermally treated at 625° C. under
nitrogen flow is shown in FIG. 6. In a further stage, it is
catalytically tested in a quartz-made fixed bed reactor using,
as a feed, a gaseous mixture composed of ethane/oxygen/
nitrogen with a nominal molar ratio of 9/7/84. The results of
the catalytic activity testing with corresponding operating
conditions in terms of temperature and space-time are dis-
played in Table 2.

The examples described from here on correspond to the
preparation of the catalyst through the hydrothermal method
involving the incorporation of amines in the synthesis.

Example 23

6.9 grams of molybdic acid, 2.27 grams of methylamine
hydrochloride (CH;NH,HC]I) along with 1.58 g of antimo-
nium sulfate are dissolved in 85 grams of distilled water at 80°
C. In parallel, a second solution containing 2.29 g of vanadyl
sulfate in 17 grams of water at room temperature is prepared.
The second solution is slowly added to the first one at room
temperature under stirring. The resulting mixture is further
stirred for 30 minutes and, later, transferred into a Teflon
coated stainless-steel autoclave. The mixture is bubbled with
nitrogen for 5 minutes in order to displace out the air con-
tained inside the autoclave. Then, the autoclave is maintained,
without stirring, at 175° C. for 1 day. Autoclave is subse-
quently cooled down to room temperature, its content is fil-
tered. The solid fraction is recovered and then subjected to
washing with distilled water. The solid is later dried at 100°
C., then treated thermally at 250° C. under air atmosphere and
finally treated thermally at 600° C. for 2 hours under nitrogen
flow. The thermally-treated sample is designated Catalyst 23
with the atomic ratio Mo, ;4Sb, ;. The X-ray diffraction
patterns of the catalysts, (A) dried at 100° C., (B) thermally
treated under air atmosphere at 200° C. and then thermally
treated at 600° C. under nitrogen flow and (C) thermally
treated under air atmosphere at 250° C. and then thermally
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treated at 600° C. under nitrogen flow, are shown in FIG. 7.
Representative Scanning Electron Microscopy images of the
catalyst, (Column A) dried at 100° C. and (Column B) ther-
mally treated under air atmosphere at 250° C. and then ther-
mally treated at 600° C. under nitrogen flow, are shown in
FIG. 12. In FIG. 14, column A, in addition to Scanning
Electron Microscopy images of the catalyst, is shown the
elemental chemical analysis, of the selected zones, by Elec-
tron Dispersive Spectroscopy (EDS) technique (bottom part),
of'the catalyst thermally treated under air atmosphere at 250°
C. and then thermally treated at 600° C. under nitrogen flow.
Representative High-Resolution Transmission FElectron
Microscopy images of the catalyst are shown in FIG. 15, (A)
crystal of M1 phase, and its corresponding electron nano-
diffraction (END) pattern (right side), (B) crystal of M1
phase, and its corresponding END pattern (right side), and
(C) crystal of MoO; phase, and its corresponding END pat-
tern (right side). In a further stage, it is catalytically tested in
a quartz-made fixed bed reactor using, as a feed, a gaseous
mixture composed of ethane/oxygen/nitrogen with a nominal
molar ratio of 9/7/84. The results of the catalytic activity
testing with corresponding operating conditions in terms of
temperature and space-time are displayed in Table 3.

Example 24

6.9 grams of molybdic acid, 2.73 grams of dimethylamine
hydrochloride (CH;NH CH,HC]) along with 1.58 g of anti-
monium sulfate are dissolved in 85 grams of distilled water at
80° C. In parallel, a second solution containing 2.29 g of
vanadyl sulfate in 17 grams of water at room temperature is
prepared. The second solution is slowly added to the first one
at room temperature under stirring. The resulting mixture is
further stirred for 30 minutes and, later, transferred into a
Teflon coated stainless-steel autoclave. The mixture is
bubbled with nitrogen for 5 minutes in order to displace out
the air contained inside the autoclave. Then, the autoclave is
maintained, without stirring, at 175° C. for 1 day. Autoclave is
subsequently cooled down to room temperature, its content is
filtered. The solid fraction is recovered and then subjected to
washing with distilled water. The solid is later dried at 100°
C., then treated thermally at 200° C. under air atmosphere and
finally treated thermally at 600° C. for 2 hours under nitrogen
flow. The thermally-treated sample is designated Catalyst 24
with the atomic ratio Mo, ,V, 34Sb, ;. The X-ray diffraction
patterns of the catalyst, (A) dried at 100° C., (B) thermally
treated under air atmosphere at 200° C. and then thermally
treated at 600° C. under nitrogen flow are shown in FIG. 8. In
a further stage, it is catalytically tested in a quartz-made fixed
bed reactor using, as a feed, a gaseous mixture composed of
ethane/oxygen/nitrogen with a nominal molar ratio of 9/7/84.
Theresults of the catalytic activity testing with corresponding
operating conditions in terms of temperature and space-time
are displayed in Table 3.

Example 25

6.9 grams of molybdic acid, 2.73 grams of ethylamine
hydrochloride (CH;CH,NH HCIl) and 1.58 g of antimonium
sulfate are dissolved in 85 grams of distilled water at 80° C. In
parallel, a second solution containing 2.29 g of vanadyl sul-
fate in 17 grams of water at room temperature is prepared. The
second solution is slowly added to the first one at room
temperature under stifling. The resulting mixture is further
stirred for 30 minutes and, later, transferred into a Teflon
coated stainless-steel autoclave. The mixture is bubbled with
nitrogen for 5 minutes in order to displace out the air con-
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tained inside the autoclave. Then, the autoclave is maintained,
without stirring, at 175° C. for 1 day. Autoclave is subse-
quently cooled down to room temperature, its content is fil-
tered. The solid fraction is recovered and then subjected to
washing with distilled water. The solid is later dried at 100°
C., then treated thermally at 250° C. under air atmosphere and
finally treated thermally at 600° C. for 2 hours under nitrogen
flow. The thermally-treated sample is designated Catalyst 25
with the atomic ratio Mo, ,V, 35Sb, ;. The X-ray diffraction
patterns of the catalyst, (A) dried at 100° C., (B) thermally
treated under air atmosphere at 200° C. and then thermally
treated at 600° C. under nitrogen flow, (C) thermally treated
under air atmosphere at 250° C. and then thermally treated at
600° C. under nitrogen flow and (D) thermally treated under
air atmosphere at 280° C. and then thermally treated at 600°
C. under nitrogen flow are shown in FIG. 9. In a further stage,
is catalytically tested in a quartz-made fixed bed reactor
using, as a feed, a gaseous mixture composed of ethane/
oxygen/nitrogen with a nominal molar ratio of 9/7/84. The
results of the catalytic activity testing with corresponding
operating conditions in terms of temperature and space-time
are displayed in Table 3.

Example 26

6.9 grams of molybdic acid, 2.73 grams of ethylamine
hydrochloride (CH;CH,NH HCl) along with 1.58 g of anti-
monium sulfate are dissolved in 85 grams of distilled water at
80° C. In parallel, a second solution containing 2.29 g of
vanadyl sulfate in 17 grams of water at room temperature is
prepared. The second solution is slowly added to the first one
at room temperature under stirring. The resulting mixture is
further stirred for 30 minutes and, later, transferred into a
Teflon coated stainless-steel autoclave. The mixture is
bubbled with nitrogen for 5 minutes in order to displace out
the air contained inside the autoclave. Then, the autoclave is
maintained, without stirring, at 175° C. for 1 day. Autoclave is
subsequently cooled down to room temperature, its content is
filtered. The solid fraction is recovered and then subjected to
washing with distilled water. The solid is later dried at 100°
C., then treated thermally at 200° C. under air atmosphere and
finally treated thermally at 600° C. for 2 hours under nitrogen
flow. The thermally-treated sample is designated Catalyst 26
with the atomic ratio Mo, V, 35Sb, ;. In a further stage, it is
catalytically tested in a quartz-made fixed bed reactor using,
as a feed, a gaseous mixture composed of ethane/oxygen/
nitrogen with a nominal molar ratio of 9/7/84. The results of
the catalytic activity testing with corresponding operating
conditions in terms of temperature and space-time are dis-
played in Table 3.

Example 27

6.9 grams of molybdic acid, 3.18 grams of trimethylamine
hydrochloride [(CH;);NHCI] along with 1.58 g of antimo-
nium sulfate are dissolved in 85 ml of distilled water at 80° C.
In parallel, a second solution containing 2.29 g of vanadyl
sulfate in 17 grams of water at room temperature is prepared.
The second solution is slowly added to the first one at room
temperature under stifling. The resulting mixture is further
stirred for 30 minutes and, later, transferred into a Teflon
coated stainless-steel autoclave. The mixture is bubbled with
nitrogen for 5 minutes in order to displace out the air con-
tained inside the autoclave. Then, the autoclave is maintained,
without stirring, at 175° C. for 1 day. Autoclave is subse-
quently cooled down to room temperature, its content is fil-
tered. The solid fraction is recovered and then subjected to
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washing with distilled water. The solid is later dried at 100°
C., then treated thermally at 200° C. under air atmosphere and
finally treated thermally at 600° C. for 2 hours under nitrogen
flow. The thermally-treated sample is designated Catalyst 27
with the atomic ratio Mo, ,V, 34Sb, ;. The X-ray diffraction
patterns of the catalyst, (A) dried at 100° C., (B) thermally
treated under air atmosphere at 200° C. and then thermally
treated at 600° C. under nitrogen flow, (C) thermally treated
under air atmosphere at 250° C. and then thermally treated at
600° C. under nitrogen flow are shown in FIG. 10. In a further
stage, it is catalytically tested in a quartz-made fixed bed
reactor using, as a feed, a gaseous mixture composed of
ethane/oxygen/nitrogen with a nominal molar ratio of 9/7/84.
Theresults of the catalytic activity testing with corresponding
operating conditions in terms of temperature and space-time
are displayed in Table 3.

Example 28

6.9 grams of molybdic acid, 3.18 grams of trimethyl-amine
hydrochloride [(CH,);NHCI] together with 1.58 g of antimo-
nium sulfate are dissolved in 85 ml of distilled water at 80° C.
In parallel, a second solution containing 2.29 g of vanadyl
sulfate in 17 grams of water at room temperature is prepared.
The second solution is slowly added to the first one at room
temperature under stirring. The resulting mixture is further
stirred for 30 minutes and, later, transferred into a Teflon
coated stainless-steel autoclave. The mixture is bubbled with
nitrogen for 5 minutes in order to displace out the air con-
tained inside the autoclave. Then, the autoclave is maintained,
without stirring, at 175° C. for 1 day. Autoclave is subse-
quently cooled down to room temperature, its content is fil-
tered. The solid fraction is recovered and then subjected to
washing with distilled water. The solid is later dried at 100°
C., then treated thermally at 250° C. under air atmosphere and
finally treated thermally at 600° C. for 2 hours under nitrogen
flow. The thermally-treated sample is designated Catalyst 28
with the atomic ratio Mo, ,V, 55Sb, ;. Representative Scan-
ning Electron Microscopy images of the catalyst, (Column A)
dried at 100° C. and (Column B) thermally treated under air
atmosphere at 250° C. and then thermally treated at 600° C.
under nitrogen flow, are shown in FIG. 13. In FI1G. 14, column
B, in addition to Scanning Electron Microscopy images of the
catalyst, is shown the elemental chemical analysis, of the
selected zones, by Electron Dispersive Spectroscopy tech-
nique (bottom part), of the catalyst thermally treated under air
atmosphere at 250° C. and then thermally treated at 600° C.
under nitrogen flow. In a further stage, it is catalytically tested
in a quartz-made fixed bed reactor using, as a feed, a gaseous
mixture composed of ethane/oxygen/nitrogen with a nominal
molar ratio of 9/7/84. The results of the catalytic activity
testing with corresponding operating conditions in terms of
temperature and space-time are displayed in Table 3.

The following example corresponds to the preparation of
supported catalysts by the heat thermal method.

Example 29

8.0 grams of tetrahydrated ammonium hepta-molybdate,
1.2189 grams of ammonium meta-vanadate and 1.734 grams
of antimonium oxide (Sb,0;) are dissolved in 32 grams of
water at 100° C., the mixture was kept under stifling for 2
hours, after this, the solution was cooled at 50° C. Then, 7.96
grams of Silica gel, with a pore size of 60 A and a surface area
of 500 m*/g was added and stirred for 30 min. Finally, 8 grams
of diluted H,O, (5§ wt. %) was added and stirred for 1 hour
(Solution A).
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In parallel, a solution is prepared with 1.88 grams of nio-
bium oxalate in 5 grams of water at 60° C. under stirring; the
solution was cooled down at room temperature. The later
solution is added slowly to the solution A at room temperature
under constant stifling. The water constituting the new solu-
tion is removed by evaporation. The resulting solid is dried at
100° C., and then treated thermally at 600° C. for 2 hours
under nitrogen flow. The solid sample produced in this
example is composed by the 40 wt. % of SiO, and 60 wt. % of
active phase with the atomic ratio Mo, oV, 535bg 56Nbg g,
sample was labeled as Catalyst 29. In FIG. 16, in addition to
Scanning Electron Microscopy images of the catalyst, is
shown the elemental chemical analysis, of the selected zones,
by Electron Dispersive Spectroscopy technique (right side),
of the catalyst thermally treated at 600° C. under nitrogen
flow. In a further stage, it is catalytically tested in a quartz-
made fixed bed reactor using, as a feed, a gaseous mixture
composed of ethane/oxygen/nitrogen with a nominal molar
ratio of 9/7/84. The results of the catalytic activity testing with
corresponding operating conditions in terms of temperature
and space-time are displayed in Table 3.

Tables 1 to 3 show the catalytic performance results of
multimetallic mixed oxides, which were prepared by several
methodologies and with varied chemical compositions. Only,
the most important parameters were included.

TABLE 1
Catalytic performance with corresponding operating conditions
of the ODH-E over catalysts MoV,Sb;A;, which
were prepared through the hydrothermal method.
Temper-  W/F 06’ Ethane Ethylene  Ethylene
ature, Sear conversion, selectivity,  yield,
Example °C. (mol)~! % mol %. mol %
Example 1 540 80 70 70 49
Example 2 440 80 60 91 55
470 80 73 88 64
425 160 72 87 63
440 160 82 83 68
Example 3 450 80 55 90 50
490 80 78 81 63
Example 4 430 160 72 87 63
450 160 81 83 67
Example 5 430 160 78 86 67
Example 6 430 160 81 86 70
Example 7 420 80 52 92 48
440 80 63 90 57
430 160 78 86 67
450 160 86 81 70
Example 8 430 160 77 87 67
450 160 86 83 71
Example 9 430 160 64 91 39
450 160 78 87 68
Example 430 160 65 92 60
10 450 160 76 89 68
Example 430 160 55 92 51
11 450 160 66 89 39
Example 430 160 80 88 70
12
Example 430 160 74 90 67
13 450 160 84 85 71
Example 420 160 69 91 63
14
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TABLE 2

Catalytic performance with corresponding operating conditions
of the ODH-E over catalysts MoV, Sb;A;, which were
prepared through the heat thermal method.

w/
Temper-  F_pane” Ethane Ethylene  Ethylene

ature, S.el  conversion, selectivity,  yield,

Example °C. (mol)~* % mol %. mol %
Example 15 440 160 37 93 34
Example 16 450 160 45 90 41
470 160 57 87 50
Example 17 440 160 47 92 43
Example 18 440 70 29 95 28
Example 19 440 70 23 93 21
Example 20 440 70 30 93 28
Example 21 440 70 33 91 30
440 140 50 89 45
Example 22 440 70 23 90 21
480 70 50 83 42

TABLE 3

Catalytic performance with corresponding operating conditions
of the ODH-E over catalysts MoV, Sb;A; which were
prepared through the hydrothermal method with the
incorporation of amines in the synthesis.

w/
Tem- Foinane” Ethane Ethylene  Ethylene
perature,  g..h  conversion, selectivity, yield,
Example °C. (mol)™! % mol %. mol %
Example 23 390 80 43 92 40
400 80 55 89 49
430 80 67 85 57
450 80 75 82 62
Example 24 450 80 61 88 54
470 80 71 85 60
Example 25 400 80 43 93 40
430 80 53 91 48
450 80 60 88 53
Example 26 400 160 37 86 32
430 160 51 84 43
450 160 66 79 52
Example 27 400 80 26 78 20
430 80 37 77 29
450 80 51 74 38
Example 28 400 80 49 92 45
430 80 60 89 53
450 80 72 85 61
Example 29 440 320 55 92 51
460 320 71 88 63
430 177 32 95 31
450 177 47 92 43

What is claimed is:

1. A process for the oxidative dehydrogenation of ethane to
ethylene, which comprises contacting a feedstock comprising
ethane and an oxidizing agent under oxidative dehydrogena-
tion reaction conditions with a tellurium-free, multimetallic
mixed oxide solid catalyst having the formula

MoV,,Sb,0, @

wherein, h and i, respectively, are each between 0.001 and
4.0, theratio i/his between 0.3 and 10.0, and x represents
the number determined by and consistent with the
valence requirements of elements present in the multi-
metallic mixed oxide solid catalyst, said multimetallic
mixed oxide solid catalyst having an orthorhombic M1
crystalline phase along with a pseudo-hexagonal M2
crystalline phase and an orthorhombic MoOj; crystalline
phase, and one or more additional crystalline phases,
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wherein a process of preparing said multimetallic mixed
oxide solid catalyst comprises:

A) a process which comprises forming a tellurium-free
mixture of molybdenum, vanadium and antimony
metallic precursors and a compound selected from the
group consisting of primary amines, secondary amines,
tertiary amines, ammonia, tetra-methyl ammonium and
hydrazine, and subjecting said tellurium-free mixture to

hydrothermal condition at a temperature of 100-200° C. for
6-150 hours to obtain a solid, washing and drying said
solid to obtain a dried solid, and thermally activating
said dried solid to form a catalyst having the pseudo-
hexagonal M2 crystalline phase and the orthorhombic
MoO, crystalline phase in addition to the orthorhombic
M1 crystalline phase, wherein said thermally activating
includes a first thermal treatment at a temperature from
about 150° C. to about 350° C. under an oxidizing,
reducing or inert atmosphere for 1-5 hours, and thereaf-
ter a second thermal treatment at a temperature from
about 150° C. to 700° C. under an oxidizing or inert
atmosphere for 1 to 5 hours.

2. The process of claim 1, wherein the compound is
selected from the group consisting of methylamine, dimethyl
amine, tri-methyl amine, diethyl amine, or mixtures thereof.

3. The process of claim 2, wherein said

solid is washed and dried at 80-120° C., prior to activation.

4. The process of claim 3, wherein said hydrothermal con-
dition is at a temperature range of 150-180° C. for 12-48
hours.

5. A process for the oxidative dehydrogenation of ethane to
ethylene, which comprises contacting a feedstock comprising
ethane and an oxidizing agent under oxidative dehydrogena-
tion reaction conditions with a tellurium-free, multimetallic
mixed oxide solid catalyst having the formula

MoV,,Sb,A,0, @

wherein A represents Nb, W, Ga, Bi, Sn, Cu, Ti, Fe, Co, Ni,
Cr, Zr, rare earth metals, alkali metals, alkaline earth
metals, or a mixture thereof, h and i, respectively, are
each between 0.001 and 4.0, the ratio i/h is between 0.3
and 10.0, and x represents the number determined by
and consistent with the valence requirements of ele-
ments present in the multimetallic mixed oxide solid
catalyst, said multimetallic mixed oxide solid catalyst
having an orthorhombic M1 crystalline phase, a pseudo-
hexagonal M2 crystalline phase, an orthorhombic MoO;
crystalline phase, and one or more additional crystalline
phases, wherein a process of preparing said multimetal-
lic mixed oxide solid catalyst comprises the steps of
forming a tellurium-free mixture of molybdenum, vana-
dium and antimony metallic precursors and thermally
treating said tellurium-free mixture to form an MoVSh
solid, doping said MoV Sbh solid with a solution contain-
ing metal cation of said metal A, as salts, oxides, hydrox-
ides, or alkoxides to obtain a resulting mixture, drying
the resulting mixture to obtain a solid and drying said
solid to obtain a metal cation-doped MoVSb solid, and
thermally activating the metal cation-doped MoVSh
solid to form a catalyst having the pseudo-hexagonal M2
crystalline phase and the orthorhombic MoO; crystal-
line phase in addition to the orthorhombic M1 crystal-
line phase, where said thermally activating step includes
a first thermal treatment at a temperature of from about
150° C. to about 350° C. under oxidizing and/or reduc-
ing atmosphere for 1 to 5 hours, and thereafter a second
thermal treatment at a temperature of about 150° C. to
about 700° C. under oxidizing or inert atmosphere for 1
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to 5 hours, wherein said tellurium-free mixture includes
a compound selected from the group consisting of pri-
mary amines, secondary amines, tertiary amines, ammo-
nia, tetra-methyl ammonium and hydrazine, or mixtures
thereof.

6. The process of claim 5, wherein the solution contains
metal cation of Nb, W, Sn, Cu or K.

7. The process of claim 5, wherein said MoVSb solid is
heated at a temperature range of from about 150° C. to about
600° C. prior to doping said MoV Sb solid and then activating
said metal cation-doped MoV Sb solid at a temperature range
of from about 150° C. to about 700° C. under an oxidizing or
inert atmosphere for about 1 to 5 hours.

8. The process of claim 1, wherein said oxidative dehydro-
genation reaction is carried out at a reaction temperature
range of about from 250° C. to 550° C.

9. The process of claim 1, wherein said hydrothermal con-
dition is at a temperature range of 150-180° C. for 12-48
hours.

10. The process for the oxidative dehydrogenation of
ethane to ethylene, which comprises contacting a feedstock
comprising ethane and an oxidizing agent under oxidative
dehydrogenation reaction conditions with a tellurium-free,
multimetallic mixed oxide solid catalyst, wherein the multi-
metallic mixed oxide has the formula

MoV,Sb,A,0,

wherein A represents Nb, W, Ga, Bi, Sn, Cu, Ti, Fe, Co, Ni,
Cr, Zr, rare earth metals, alkali metals, alkaline earth
metals, or a mixture thereof, h and i, respectively, are
each between 0.001 and 4.0, 0.0001<j<2.0, the ratio i/h
is between 0.3 and 10.0, and x represents the number
determined by and consistent with the valence require-
ments of elements present in the multimetallic mixed
oxide solid catalyst, said multimetallic mixed oxide
solid catalyst having an orthorhombic M1 crystalline
phase, along with a pseudo-hexagonal M2 crystalline
phase and an orthorhombic MoO; crystalline phase, and
one or more additional crystalline phases, and wherein a
process of preparing said multimetallic mixed oxide
solid catalyst comprises the steps of forming a tellurium-
free mixture of molybdenum, vanadium and antimony
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metallic precursors and thermally treating said tellu-
rium-free mixture to form an MoVSb solid, doping said
MoVSb solid with a solution containing metal cation of
said metal A to obtain an A metal cation-doped MoV Sb
solid, and thermally activating the A metal cation-doped
MoVSb solid to form a catalyst having the pseudo-
hexagonal M2 crystalline phase and the orthorhombic
MoO; crystalline phase in addition to the orthorhombic
M1 crystalline phase, wherein said tellurium-free mix-
ture includes a compound selected from the group con-
sisting of primary amines, secondary amines, tertiary
amines, ammonia, tetra-methyl ammonium and hydra-
zine, or mixtures thereof.

11. The process of claim 10, wherein the solution contains
metal cation of Nb, W, Sn, Cu or K.

12. The process of claim 10, wherein said MoVSb solid is
heated at a temperature range of from about 150° C. to about
700° C. prior to doping said MoV Sbh solid and then activating
said A metal cation-doped MoVSb solid at a temperature
range of from about 150° C. to about 700° C. under an
oxidizing or inert atmosphere for about 1 to 5 hours.

13. The process of claim 1, wherein the oxidative dehydro-
genation reaction is conducted at a temperature range of from
250° C. 10 550° C., and at atmospheric pressure with a space-
time corresponding to the ratio of multimetallic mixed oxide
solid catalyst mass to inlet molar flow rate of ethane
(W/F° _ume) in a range of from 10 g__h(mol)™* to 800 g h
(mol)~* to achieve an ethane conversion above 86 mol % and
an ethylene selectivity above 95 mol % without formation of
acetic acid and/or other oxygenated hydrocarbons.

14. The process of claim 1, wherein the oxidative dehydro-
genation reaction is conducted at a reaction temperature
range of from 250° C. to 550° C., under an operating pressure
between 0.8 to 1 atm and a space-time corresponding to the
ratio of multimetallic mixed oxide solid catalyst mass to inlet
molar flow rate of ethane (W/F° _,_ ) in a range of from
10g,_h(mol)™ to 800 g, h(mol)~' with an activated multi-
metallic mixed oxide solid catalyst supported on a metal
oxide support to achieve ethylene selectivity above 95 mol %,
and ethane conversion above 71 mol %.
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